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DIELS-ALDER CLICK REACTION IN MACROMOLECULAR 
STRUCTURES 
SUMMARY 
Much effort has been paid to the synthesis of advanced polymeric materials with 
improved properties. Since they display much developed physical and mechanical 
properties block copolymers and star polymers are the most demanded advanced 
materials. Despite their broad applications, the synthesis of block copolymers and 
star polymers with well-defined structure remaines a challenge. 
Until last decade, living ionic polymerizations (cationic or anionic) were the only 
methods for the synthesis of block and star polymers in a controlled way. However, 
the harsh experimental conditions have limited the applicability of the ionic 
polymerizations. The polymer community has then witnessed the rapid growth of 
controlled/living radical polymerization (C/LRP) methods not only for the synthesis 
of block and star polymers but for also the polymers from linear to complex 
structures. The most widely used methods for C/LRP include atom transfer radical 
polymerization (ATRP), nitroxide mediated radical polymerization (NMP), and 
reversible addition-fragmentation chain transfer polymerization (RAFT). Among 
three standard methods, ATRP is the most frequently used one.  
Nowadays, alternative routes such as Diels-Alder (DA) and the copper (I)-catalyzed 
azide-alkyne cycloaddition (CuAAC) reactions which can be classified under the 
term “click chemistry” have emerged as a powerful tool for the preperation of block 
and star polymers. From this point of view, in this thesis, we describe the synthesis 
of block, triblock, star, multiarm star block and multiarm star triblock terpolymers 
using DA or the combination of DA and CuAAC click reactions.  
In the first study, many of diblock copolymers were synthesized by DA click 
reaction between furan protected maleimide end-functionalized polymers:  
poly(methyl methacrylate) (MI-PMMA), poly(tert-butyl acrylate) (MI-PtBA) and 
poly(ethylene glycol) (MI-PEG) and anthracene end-functionalized polymers: 
poly(styrene) (Anth-PS) and Anth-PEG at reflux temperature of toluene for 48 h ( 
Figure 1). 
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Figure 1: Synthesis of block copolymers via DA click reaction. 
Second, DA click reaction was applied to the synthesis of 3-arm star polymers (A3) 
using similar furan protected maleimide end-functionalized polymers and 
trianthracene functional linking agent (Figure 2).  
 
Figure 2: Synthesis of A3 star polymers via DA click reaction. 
Third, two types of multiarm star block copolymers: (PMMA)n-(PS)m 
poly(divinylbenzene) (polyDVB) and (PtBA)k-(PS)m-polyDVB were synthesized via 
a combination of cross-linking and  DA click reaction (Figure 3).  
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Figure 3: Synthesis of multiarm star block copolymers via DA click reaction. 
Four, one-pot synthesis of ABC triblock terpolymers: PMMA-b-PS-b-PEG and 
PMMA-b-PS-b-poly(-caprolactone) (PCL) were accomplished by combining in situ 
CuAAC and DA double click reactions in N,N-dimehthylformamide (DMF) for 48 h 
at 120 
o
C in order to obtain corresponding triblock terpolymers (Figure 4). 
     
 
Figure 4: One-pot synthesis of ABC type triblock terpolymers via double click 
reactions. 
Finally, the double click reactions were further extended to the synthesis of multiarm 
star triblock terpolymers; (PtBA)k-(PMMA)n-(PS)m-polyDVB and (PEG)p-
(PMMA)n-(PS)m-polyDVB, in this case the click reactions were carried out 
sequentially (Figure 5) . 
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Figure 5: Synthesis of multiarm star triblock terpolymers via sequential double click 
reactions.
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MAKROMOLEKÜLER YAPILARDA DĠELS-ALDER CLICK 
REAKSĠYONU 
ÖZET 
Üstün özellikler gösteren ileri polimer malzemelerin sentezi konusunda yoğun çaba 
harcanmaktadır. Daha gelişmiş mekanik ve fiziksel özellikleri birarada 
bulundurmalarından dolayı blok kopolimerler ve yıldız polimerler en çok rağbet 
edilen ileri malzemelerdir. Çok geniş uygulama alanlarına rağmen, blok 
kopolimerlerin ve yıldız polimerlerin iyi-tanımlı olarak sentezlenmesi halen bir 
meseledir.  
On yıl öncesine kadar, blok ve yıldız polimerlerin kontrollü olarak sentezinde 
yaşayan iyonik polimerleşme (anyonik ve katyonik) metotları mevcut tek 
yöntemlerdi. Öte yandan, zorlu deney koşulları iyonik polimerleşme yöntemlerinin 
kullanımlarını sınırlamıştır. Daha sonra, polimer toplumunun yalnızca blok ve yıldız 
polimerlerin değil aynı zamanda düz zincirli polimerlerden daha karmaşık yapılara 
kadar olan polimerlerin sentezinde de kullanılan kontrollü/yaşayan radikal 
polimerleşme (C/LRP) yöntemlerinin hızlı büyümesine tanıklık ettiğini görmekteyiz. 
Atom transfer radikal polimerleşmesi (ATRP), nitroksit ortamlı radikal 
polimerleşmesi (NMP), ve tersinir eklenme-ayrılma zincir transfer polimerleşmesi 
(RAFT) en yaygın kullanım alanı olan C/LRP yöntemleridir. Bu üç standart C/LRP 
metodundan ATRP en sık kullanılanıdır.  
Günümüzde, “clik kimyası” terimi altında sınıflandırılan Diels-Alder (DA) ve bakır 
katalizli azid-alkin siklokatılma (CuAAC) tepkimeleri blok ve yıldız polimerlerin 
eldelerinde güçlü bir alternatif yöntem olarak ortaya çıkmıştır. Bu noktadan hareketle 
bu tezde, DA ya da DA ve CuAAC click reaksiyonlarının birlikte kullanılmasıyla 
blok, üçlü blok, yıldız, çok kollu yıldız blok ve çok kollu yıldız üçlü blok 
kopolimerlerinin sentezi tanımlanmıştır. 
İlk çalışmada, furan korumalı maleimid uç-fonksiyonlandırılmış polimerler: 
poli(metil metakrilat) (MI-PMMA), poli(ter-bütil akrilat) (MI-PtBA) ve poli(etilen 
glikol) (MI-PEG) ile antrasen uç-fonksiyonlandırılmış polimerler: poli(stiren) (Anth-
PS) ve Anth-PEG arasında, toluenin kaynama sıcaklığında (K.S.), 48 saatte 
gerçekleştirilen DA click reaksiyonları ile birçok blok kopolimerler sentezlenmiştir 
(Şekil 1).  
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ġekil 1: DA click reaksiyonu ile blok kopolimerlerin sentezi. 
İkinci olarak, DA click reaksiyonu, benzer furan korumalı maleimid uç-
fonksiyonlandırılmış polimerler ve üç antrasen fonksiyonalitesine sahip bağlanma 
ajanı kullanılarak, 3-kollu yıldız polimerlerin (A3) eldesinde kullanılmıştır (Şekil 2). 
 
ġekil 2: DA click reaksiyonu ile A3 yıldız polimerlerin sentezi. 
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Üçüncü olarak, iki tip çok kollu yıldız blok kopolimerler: (PMMA)n-(PS)m 
poli(divinilbenzen) poliDVB ve (PtBA)k-(PS)m-poliDVB, çapraz-bağlanma ve DA 
click reaksiyonlarının birlikte kullanılmasıyla sentezlenmişlerdir (Şekil 3).  
 
ġekil 3: DA click reaksiyonu ile çok kollu yıldız blok kopolimerlerin sentezi. 
Dördüncü olarak, ABC üçlü blok kopolimerler: PMMA-b-PS-b-PEG ve PMMA-b-
PS-b-poli(-kaprolakton) (PCL), tek-adımda ve aynı anda N,N-dimetilformamid 
(DMF) içerisinde 48 saat ve 120 
o
C de CuAAC ve DA çift click reaksiyonlarının 
birlikte kullanılmasıyla sentezlenmişlerdir (Şekil 4). 
 
ġekil 4: Tek-adımda çift click reaksiyonu ile ABC tipli üçlü blok kopolimerlerin 
sentezi. 
Son olarak, çift click reaksiyonları bir adım daha ileriye götürülmüş ve çok kollu 
yıldız üçlü blok kopolimerler: (PtBA)k-(PMMA)n-(PS)m-poliDVB ve (PEG)p-
(PMMA)n-(PS)m-poliDVB sentezlenmişlerdir. Bu kez click reksiyonları ardı sıra 
gerçekleştirilmiştir (Şekil 5). 
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ġekil 5: Ardı sıra çift click reaksiyonları ile çok kollu yıldız üçlü blok kopolimerlerin       
sentezi. 
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1.  INTRODUCTION 
The ionic polymerizations (anionic or cationic) were the only living systems 
available until recently. These systems give the polymers with the controlled 
molecular weight, well-defined chain ends and low polydispersity. However, in 
recent years, the controlled/living radical polymerization (C/LRP) methods offer 
some advantages over ionic polymerization due to the undemanding experimental 
conditions and applicability to a wide range of monomers. Recent developments in 
C/LRP methods provide the possibility to synthesize polymers such as block, graft, 
star and functional polymers with well-defined structures [1-4]. The most widely 
used methods for C/LRP include atom transfer radical polymerization (ATRP) [1, 3, 
5, 6], nitroxide mediated radical polymerization (NMP) [7, 8], and reversible 
addition-fragmentation chain transfer polymerization (RAFT) [9, 10]. Among them, 
ATRP is one of the most widely employed methods because of the high 
controllability, a wide variety of available monomers involving methacrylates, 
acrylates, styrene and vinyl esters, and the stability and easy accessibility of the 
carbon-halogen bonds as the initiating sites.  
The “click chemistry” concept was introduced by Sharpless and co-workers in 2001 
[11]. Selected reactions were classified as click chemistry if they were modular, 
stereospecific, wide in scope, resulted in high yields, and generated only safe 
byproducts. Several efficient reactions such as  copper(I)-catalyzed azide-alkyne  
cycloaddition (CuAAC), Diels-Alder (DA) and hetero Diels-Alder (HDA) 
cycloadditions, thiol additions to double bond (thiol-ene), nucleophilic substitution 
and radical reactions can be classified under this term. Since their fast growth, click 
chemistry strategies have been rapidly integrated into the field of macromolecular 
enginering and extensively been used in the synthesis of polymers ranging from 
linear to complex structures. 
Block copolymers are a fascinating class of polymeric materials belonging to a big 
family known as „„soft materials‟‟. This class of polymers is made by the covalent 
bonding of two or more polymeric chains that, in most cases, are thermodynamically 
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incompatible giving rise to a rich variety of microstructures in bulk and in solution. 
The variety of microstructures gives rise to materials with applications ranging from 
thermoplastic elastomers to adhesives. In addition, block copolymers are very strong 
candidates for potential applications in advanced technologies such as information 
storage and drug delivery [12]. There are four synthetic routes for the preparation of 
block copolymers with well-defined architecture. These include sequential monomer 
addition, transformation approach, the use of dual or heterofunctional initiator and 
coupling reactions. In the case of sequential monomer addition method, there are two 
routes now available for the synthesis of block copolymers with well-defined 
manner. First technique is the in-situ addition of the second monomer to a living 
polymerization system near the first one‟s completion. Second technique is the 
isolation of the first segment, macroinitiator, and then utilization of the 
macroinitiator for the growth of the second segment via same method used for the 
polymerization of the first segment. The transformation approach includes a change 
in the polymerization mechanism from one to another. In this concept, a polymer, 
obtained by a living polymerization mechanism is isolated and purified, and finally 
the functional end-group is converted to another kind of species capable of initiating 
polymerization of the second monomer. Dual initiator method includes two or more 
different initiation sites that are capable of initiating concurrent polymerization 
mechanisms independently and selectively. Coupling reactions include the 
conjugation of two different living polymer chains through efficient organic 
reactions such as atom transfer nitroxide radical coupling (ATNRC) and click 
coupling methods.  
Star polymers are among the macromolecular architectures receiving growing 
interest, due to their distinct properties in bulk, melt and solutions. They often exhibit 
lower solution and melt viscosities compared to those of the linear counterparts [13]. 
Star polymers have been primarily synthesized using a “core-first”, “arm-first” and 
“coupling-onto” methodologies. In the “core-first” method, a multifunctional 
initiator is used in variety of polymerizations to form arms, which are proportional to 
the number of functionalities on initiator. For the synthesis of well-defined star 
polymers with uniform arms, low molecular weight distribution, and controllable 
molecular weights by using this technique, reactive sites of the multifunctional 
initiator must be equally reactive and initiation must be rapid relative to propagation.  
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In the “arm-first” approach, linear polymer with reactive end is synthesized via a 
living polymerization and is used as macroinitiator for the polymerization of a 
suitable divinyl compound, cross-linked polymer are formed upon the 
polymerization. In the “coupling-onto” method, living linear polymers are 
synthesized first, and then attached onto a multifunctional linking agent through the 
efficient organic reactions. Although, mainly living ionic polymerizations have been 
employed for the synthesis of star polymers, recently C/LRP have come to the light 
and extensively been used in the synthesis of well-defined star polymers.  
In this thesis, we developed novel approaches for the synthesis of various blocks and 
star polymers using DA or the combination of DA and CuAAC click reactions. For 
this purpose, first, a series of diblock copolymers were prepared by DA click reaction 
between furan protected maleimide and anthracene end-functionalized polymers at 
reflux temperature of toluene for 48 h. Subsequently, DA click reaction was applied 
to the synthesis of 3-arm star polymers (A3) using similar furan protected maleimide 
end-functionalized polymers and trianthracene functional linking agent. In addition, 
two types of multiarm star block copolymers were prepared via a combination of 
cross-linking and DA click reactions based on “arm-first” and “coupling-onto” 
methodologies. Moreover, the combination of CuAAC and DA double click 
reactions were first time employed for the synthesis of linear triblock and multiarm 
star triblock terpolymers. Former was synthesized by using one-pot double click 
reactions; latter was synthesized by using sequential double click reactions. 
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2.  THEORETICAL PART 
2.1 Living Polymerization 
Well-defined polymers, with molecular weight, structural and compositional 
homogeneity, can only be synthesized by living ionic polymerizations or C/LRP 
methods. The way to living polymerization was opened in 1955 when the seminal 
work of Szwarc proved that anionic polymerization of poly(styrene) (PS) had truly 
living character using sodium naphthanelenide initiating system in tetrahydrofuran 
(THF) [14, 15]. In this study, Szwarc suggested that the initiation occurs via electron 
transfer from the sodium naphthalenide radical anion to styrene (St) monomer. A 
new species, a styryl radical anion, forms upon addition of an electron from the 
sodium naphthalenide undergoes rapid dimerization yielding dimeric-dicarbanion, 
which starts the propagation of St as depicted in reaction 2.1. 
 
 
 
 
 
(2.1) 
 
A living polymerization is defined as a chain polymerization without chain transfer 
and chain termination as indicated by Szwarc. These chain breaking processes were 
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avoided with the development of special high vacuum techniques to minimize traces 
(<1 ppm) of moisture and air in the anionic polymerization of non-polar vinyl 
monomers [15, 16]. The techniques were first implemented in an academic setting 
but were quickly adapted on an industrial scale, which ultimately led to the mass 
production of several commercial products, most notably well-defined block 
copolymers capable of performing as thermoplastic elastomers [17]. The synthesis of 
such copolymers by living anionic polymerization demands fast initiation and 
relatively slow propagation in order that the distribution of block lengths be 
controlled. These requirements can be achieved with the use of alkyl lithium 
initiators in non-polar solvents via the formation of ion pairs or their aggregates.  
The ion pairs can essentially be considered dormant species as they have reactivities 
several orders of magnitude smaller than those of free ions [18]. Exchange processes 
between dormant and active species are fast enough in comparison with propagation 
to ensure the production of materials with low polydispersity [19]. Anionic 
polymerization was the first and only example of a living process for more than a 
decade after its realization, but other living techniques have since been discovered. In 
1974, two types of active species were observed with spectroscopic techniques in the 
cationic ring-opening polymerization (CROP) of THF initiated by triflate esters [20-
23]. The activities and exchange dynamics among free ions, ion pairs, aggregates and 
significantly less active esters were quantitatively measured for growing oxonium 
cations and the „„dormant‟‟ esters. Living CROP was subsequently extended to other 
heterocyclic monomers and eventually enabled the synthesis of many well-defined 
(co)polymers [24, 25]. 
The possibility of a living cationic vinyl polymerization was once considered highly 
improbable due to dominating transfer processes and bimodal molecular weight 
distributions (MWD) typically were observed for many systems [26]. However, it 
was later realized that since the reactivities of carbocations are much higher than 
those of carbanions, the exchange reactions were too slow relative to propagation to 
achieve narrow MWD and controlled molecular weight [27]. The discovery of 
several techniques enabling fast exchange between growing carbocations and 
dormant species (esters or onium ions) enabled the development of controlled/living 
carbocationic polymerization [28, 29]. Moreover, the first report of a, what was 
called, „„nearly perfect cationic living polymerization‟‟ was presented by Sawamoto 
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and co-workers who described the polymerization of isobutyl vinyl ether (IBVE) 
with an equimolar mixture of HI and I2 in n-hexane at -15 
o
C (reaction 2.2). The 
increase of Mn of the polymers was proportional with the monomer conversion and 
inversely proportional to the HI concentration with a molecular weight distribution 
remaining nearly monodisperse throughout the reaction [30]. 
 
(2.2) 
Undoubtedly, the ionic polymerizations have met several requirements of living 
polymerization in order to obtain well-defined polymers with controlled chain end 
functionalities and with well-defined polymer architectures. However, these 
polymerizations have to be carried out with nearly complete exlusion of moisture and 
often at low temperatures. Morover only a limited number of monomers can be used, 
and the presence of functionalities in the monomers can cause undesirable side 
reactions. On the other hand, radical polymerizations (RP) have offered many 
advantages over ionic polymerizations due to the several reasons will be discussed in 
details in the following section. 
2.2 Controlled/Living Radical Polymerization (C/LRP) 
Conventional free-radical polymerization (FRP) techniques are very convenient 
commercial process for the synthesis of high molecular weight polymers since it can 
be employed for the polymerization of numerous vinyl monomers under mild 
reaction conditions, requiring an oxygen free medium, but tolerant to water, and can 
be conducted over a large temperature range (-80 to 250
o
C). Furthermore, a wide 
range of monomers can easily be copolymerized through a radical route, and this 
leads to an infinite number of copolymers with properties dependent on the 
proportion of the incorporated comonomers. Moreover, the polymerization does not 
require rigorous process conditions. The major drawbacks of conventional radical 
polymerizations are related to the lack of control over the polymer structure. Due to 
the slow initiation, fast propagation and subsequent irreversible transfer or 
irreversible termination, polymers with high molecular weights and high 
polydispersities are generally produced.  
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In order to overcome the disadvantages of FRP without sacrificing the above-
mentioned advantages, it was recognized that a living character had to be realized in 
conjunction with the free radical mechanism. The concept of “iniferters” (initiator-
transfer agent-terminator) was introduced by Otsu in 1982 which was arguably the 
first attempt to develop a true living free-radical polymerization (LRP) technique 
[31]. In this case, disulfides 1 including diaryl and dithiuram disulfides, were 
proposed as photo initiators where cleavage can occur at the C-S bond to give a 
carbon-based propagating radical 2 and the mediating thio radical 3. While the 
propagating radical 2 can undergo monomer addition followed by recombination 
with a primary sulfur radical 3 to give a dormant species 4 it may also undergo chain 
transfer to the initiator itself. As opposed to FRP, which results in chain termination, 
even at low conversion, this technique provides rudimentary characteristics of typical 
living systems, such as a linear increase in molecular weight with conversion 
(reaction 2.3). In addition, the monofunctional, or α,ω-bifunctional chains, can be 
considered as telechelic polymers, giving the possibility to prepare block 
copolymers. Nevertheless, other features of a true living system such as accurately 
controlled molecular weights and low polydispersities could not be obtained since a 
thio radical 3 can also initiate polymerization. 
 
(2.3) 
Otsu‟s pionering works have opened a way to develop the three main 
controlled/living radical polymerization (C/LRP) methods. Georges and co-workers 
first introduced true nitroxide mediated radical polymerization (NMP) in 1993 [7], 
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Matyjaszewski and Sawamoto developed metal catalzed (Cu, Ru) living radical 
polymerization also called atom transfer radical polymerization (ATRP) in 1995 [5, 
6], and Moad, Rizzardo and Thang reported reversible addition-fragmentation chain 
transfer polymerization (RAFT) in 1998 [10].  
2.2.1 Nitroxide mediated radical polymerization (NMP) 
The pioneering iniferter work provided the basis for the development of LRP and it 
is interesting to note a similarity between the iniferter mechanism and the general 
outline of a successful living free radical mechanism (reaction 2.4). 
 
(2.4) 
In this general mechanism, the reversible termination of the growing polymeric chain 
is the key step for reducing the overall concentration of the propagating radical chain 
end. In the absence of other reactions leading to initiation of new polymer chains 
(i.e., no reaction of the mediating radical with the vinylic monomer), the 
concentration of reactive chain ends is extremely low, minimizing irreversible 
termination reactions, such as combination or disproportionation. All chains would 
be initiated only from the desired initiating species and growth should occur in a 
living fashion, allowing a high degree of control over the entire polymerization 
process with well-defined polymers being obtained. The identity of the mediating 
radical, R
.
, is critical to the success of living free radical procedures and a variety of 
different persistent, or stabilized radicals have been employed. These range from 
(arylazo)oxy,[32] substituted triphenyls,[33] verdazyl,[34] triazolinyl,[35] 
nitroxides,[36] etc. with the most widely studied and certainly most successful class 
of compounds being the nitroxides and their associated alkylated derivatives, 
alkoxyamines. Rizzardo, Solomon and Moad [37, 38] were the first demonstrated 
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that the reversible end capping of the propagating chain ends by nitroxide free 
radicals, like 2,2,6,6-tetramethylpiperidinyl 1-oxy (TEMPO). At temperatures 
typically associated with the process (40-60 °C), the TEMPO capped molecules were 
stable and did not participate further in the reaction. Further work by the same group 
investigated the same concept at slightly elevated temperatures (80-100 °C), which 
yielded low molecular weight oligomers, but this seminal works have made a great 
impact on the literature. The use of TEMPO in C/LRP was finally realized by 
Georges et al.[7] demonstrated that PS with narrow MWD could be prepared using a 
mixture of benzoyl peroxide (BPO) and TEMPO as an initiating system. TEMPO 
was employed because in addition to not initiating polymerization, it was believed to 
contribute to the simultaneous initiation of all the polymer chains by promoting the 
dissociation of peroxide initiators (reaction 2.5). 
 
(2.5) 
In addition to the bimolecular systems described above, the unimolecular processes 
have offered some advantages over bimolecular systems. In these processes, the 
unimolecular alkoxyamine initiators are shelf-stable and the polymerization can be 
induced with simple monomer addition and heating. More importantly, the 
decomposition of these initiators yields a stoichiometric amount of nitroxide relative 
to the initiating radical. This is important, as each polymer chain initiated will be 
capped by nitroxide leading to controlled living polymerization and ultimately 
polymers with low MWD. The amount of initiator added to the polymerization can 
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be accurately weighed, and consequently, the resulting polymer chain length can be 
determined by the monomer to initiator ratio. The structure of the typically used 
unimolecular initiators for NMP can be seen in 2.6. 
 
(2.6) 
Although the polymerization remains controlled, there is a low occurrence of 
undesired side reactions (thermal initiation of monomer, chain transfer, and 
irreversible termination), allowing polymerization to proceed in a controlled manner. 
The amount of irreversible termination is very small due to the low concentration of 
free radicals in comparison to dormant chains. Fukuda and coworkers have noted that 
another important side reaction to be considered is the abstraction of the β-proton of 
the polymer radical by the nitroxyl radical, producing a terminally unsaturated 
polymer and hydroxylamine; this side reaction can lead to loss of control and 
broadening of MWD [39]. 
Although TEMPO-mediated NMP has been proven very effective in controlling the 
polymerization of St, extension of the polymerization process to other monomer 
families such as dienes and acrylates was difficult and often resulted in polymer 
products with broad MWDs [8]. Polymerizations involving monomers, such as 
acrylates, were influenced significantly by the buildup of a large excess of the 
nitroxide species and cause of slowing the polymerization rate. This effect is due to 
the dormant and active chain equilibrium lying heavily in favor of dormant species 
and termination due to oxygen ingress. Eventually, the excess mediating agent 
reached levels where the propagation reaction essentially stopped due to those high 
levels of nitroxide species. The excess effectively halted all propagation because 
only the dormant state of the radical was present.  
Several researchers have investigated alternative nitroxide mediators in order to 
extend the range of controllable monomers to include acrylates, dienes and 
acrylamides [40, 41]. The presence of an α-hydrogen seemed to be structurally 
significant in enhancing the capability to maintain low levels of excess mediator.  
Gnanou was the first demonstrated that the α-hydrogen enabled extensive control 
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over the polymerization process of n-butyl acrylate (n-BA) [40]. This N-tert-butyl-N-
[1-diethylphosphono-(2,2-dimethylpropyl)] nitroxide (DEPN) (or SG1) compound 
included an open chain structure and a phosphonate ester functionality and exhibited 
results superior to those obtained with the simple TEMPO mediator (reaction 2.7). 
Similar control over the molecular weight and dispersity of poly(n-BA) (PBA) was 
observed in the study of Hawker and co-workers using 2,2,5-trimethyl-4-phenyl-3-
azahexane 3-nitroxide (TIPNO) as N-alkoxyamine initiator [42]. 
 
(2.7) 
As a result, NMP is a versatile method to produce polymers with controlled 
molecular weights and narrow MWDs. The reversible homolysis of the carbon 
oxygen bond only requires elevated temperatures i.e ~115 
o
C where the equilibrium 
becomes essentially a diffusion-controlled process. NMP needs less rigorous 
laboratory procedures and purification of the reagents is minimal although the 
presence of oxygen in the reaction continues to be a concern for the radical process 
[43-46]. Although this polymerization has proven successful with St, extension of the 
technique to other monomer families requires further manipulation of the reaction 
conditions to provide greater control.    
2.2.2 Atom transfer radical polymerization (ATRP) 
Metal-catalyzed C/LRP, mediated by Cu, Ru, Ni, and Fe metal complexes, is one of 
the most efficient methods to produce polymers in the field of C/LRP [1].  Among 
aforementioned systems, copper-catalyzed LRP in conjunction with organic halide 
initiator and amine ligand, often called atom transfer radical polymerization (ATRP), 
received more interest. The name atom transfer radical polymerization comes from 
the atom transfer step, which is the key elementary reaction responsible for the 
uniform growth of the polymeric chains. ATRP, which is the most versatile method 
of the controlled radical polymerization system, uses a wide variety of monomers, 
catalysts, solvents, and reaction temperature. ATRP was developed by designing a 
proper catalyst (transition metal compound and ligands), using an initiator with an 
appropriate structure, and adjusting the polymerization conditions, such that the 
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molecular weights increased linearly with conversion and the polydispersities were 
typical of a living process [3]. This allowed an unprecedented control over the chain 
topology (star, graf, branched), the composition (block, gradient, alternating, 
statistical), and the end functionality for a large range of radically polymerizable 
monomers [47-49]. 
 
(2.8) 
Reaction 2.8 represents the general mechanism of ATRP. The radicals, i.e., the 
propagating species Pn*, are generated through a reversible redox process catalyzed 
by a transition metal complex (activator, Mt
n
 –Y / ligand, where Y may be another 
ligand or a counterion) which undergoes a one-electron oxidation with concomitant 
abstraction of a (pseudo)halogen atom, X, from a dormant species, Pn–X. Radicals 
react reversibly with the oxidized metal complexes, X–Mt
n+1 
/ ligand, the deactivator, 
to reform the dormant species and the activator. These processes are rapid, and the 
dynamic equilibrium that is established favors the dormant species. By this way, all 
chains can begin growth at the same time, and the concentration of the free radicals 
is quite low, resulting in reduced amount of irreversible radical-radical termination. 
Also chain growth occurs with a rate constant of activation, kact, and deactivation 
kdeact, respectively. Polymer chains grow by the addition of the free radicals to 
monomers in a manner similar to a conventional radical polymerization, with the rate 
constant of propagation, kp. Termination reactions (kt) also occur in ATRP, mainly 
through radical coupling and disproportionation; however, in a well-controlled 
ATRP, no more than a few percent of the polymer chains undergo termination. 
Elementary reactions consisting of initiation, propagation, and termination are 
illustrated below (reactions 2.9 a-e) [49]. 
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(2.9a) 
 
 
 
(2.9b) 
 
 
(2.9c) 
 
 
(2.9d) 
 
 
 
(2.9e) 
Other side reactions may additionally limit the achievable molecular weights. 
Typically, no more than 5% of the total growing polymer chains terminate during the 
initial, short, nonstationary stage of the polymerization. This process generates 
oxidized metal complexes, the deactivators, which behave as persistent radicals to 
reduce the stationary concentration of growing radicals and thereby minimize the 
contribution of termination at later stages [50]. A successful ATRP will have not 
only small contribution of terminated chains but also uniform growth of all the 
chains; this is accomplished through fast initiation and rapid reversible deactivation. 
The rates of polymerization and polydispersity in ATRP, assuming steady-state 
kinetics, are given in Equations 2.1 and 2.2, respectively [3, 51, 52]. 
 
 
(Eq. 2.1) 
 
(Eq. 2.2) 
From eq. (2.1), the rate of polymerization, Rp, is directly proportional to the 
equilibrium constant, Keq, and the propagation rate constant. The proper selection of 
the reaction components of an ATRP process led to establishment of an appropriate 
equilibrium between activation and deactivation processes. The equilibrium constant 
(Keq = kact/kdeact) plays an important role in the fate of ATRP because it determines 
the concentration of radicals and, therefore, the rates of polymerization and 
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termination. Keq must be low to maintain a low stationary concentration of radicals; 
thus, the termination reaction is suppressed. For the ATRP system, the rate of 
polymerization, Rp, is first order with respect to the monomer [M] and the activator 
[Mt
n
] concentrations and increases with the concentrations of activator, monomer, 
and initiator [R-X] and decreases with the increasing deactivator [Mt
n+1
] 
concentration. Equation 2.2 shows that lower polydispersities are obtained at higher 
conversion, higher kdeact relative to kp, higher concentration of deactivator, and higher 
monomer to initiator ratio, [M]0/[I]0.  
As a multicomponent system, ATRP includes the monomer, an initiator with a 
transferable (pseudo)halogen, and a catalyst (composed of a transition metal species 
with any suitable ligand). Both activating and deactivating components of the 
catalytic system must be simultaneously present. Sometimes an additive is used. 
Basic components of ATRP, namely, monomers, initiators, catalysts, ligands, and 
solvents are discussed as follows: 
Monomers 
A variety of monomers have been successfully polymerized using ATRP: styrenes, 
(meth)acrylates, (meth)acrylamides, dienes, and acrylonitrile, which contain 
substituents that can stabilize the propagating radicals [49]. Each monomer has its 
own equilibrium constant, Keq, which determined the polymerization rate in ATRP 
according to Equation 2.1. In fact, all vinyl monomers are susceptible to ATRP 
except for a few exceptions. Notable exceptions are unprotected acids (e.g. 
(meth)acrylic acid). Some other monomers may be difficult to polymerize since they 
exhibit side reactions, which may be affected by the choice of reaction conditions, 
nature of the catalyst, etc. An example of such a monomer is 4-vinyl pyridine (4-VP), 
which can undergo quaternization by the (alkyl halide) initiator [53]. The most 
common monomers in the order of their decreasing ATRP reactivity are 
methacrylates, acrylonitrile, styrenes, acrylates, (meth)acrylamides [54].  
Initiators 
Organic halides having a labile carbon-halogen bond are the most successfully 
employed initiators in ATRP. In general, these organic halides possess electron 
withdrawing groups and/or atoms such as carbonyl, aryl, cyano, or halogens at α-
carbon to stabilize the generated free radicals. The common way to initiate is via the 
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reaction of an activated (alkyl) halide with the transition-metal complex in its lower 
oxidation state. To obtain well-defined polymers with narrow molecular weight 
distributions, the halide atom, X, should rapidly and selectively migrate between the 
growing chain and the transition metal complex. Thus far, when X is either bromine 
or chlorine, the molecular weight control is best. Iodine works well for acrylate 
polymerizations in copper-mediated ATRP and has been found to lead to controlled 
polymerization of St in ruthenium and ruthenium-based ATRP [55-57]. The carbon–
fluorine bond strength is too strong for the fast activation–deactivation cycle with 
atom transfer. To obtain similar reactivity of the carbon-halogen bond in the initiator 
and the dormant polymer end, the structure of the alkyl group, R, of the initiator 
should be similar to the structure of the dormant polymer end. Typical examples 
would be the use of ethyl 2-bromoisobutyrate and a Cu(I) complex for the initiation 
of a methacrylate polymerization [58], or 1-phenylethyl chloride for the initiation of 
a styrene polymerization [5]. In addition, Percec and co-workers reported the use of 
sulfonyl chlorides as universal initiators in ATRP [59]. Also the use of di-, tri-, or 
multifunctional initiators is possible, which will result in polymers growing in two, 
three, or more directions. Besides, some pseudohalogens, specifically thiocyanates 
and thiocarbamates, have been used successfully in the polymerization of acrylates 
[60]. 
The alternative way to initiate ATRP is via a conventional free-radical initiator, 
which is used in conjunction with a transition-metal complex in its higher oxidation 
state. Typically one would use AIBN in conjunction with a Cu(II) complex. Upon 
formation of the primary radicals and/or their adducts with a monomer unit, the 
Cu(II) complex very efficiently transfers a halogen to this newly formed chain. In 
doing so the copper complex is reduced, and the active chain is deactivated. This 
alternative way of initiation was termed “reverse ATRP” [61]. 
Catalysts 
Catalyst is another important component of ATRP. It plays a key role in ATRP since 
it determines the position of the atom transfer equilibrium and the dynamics of 
exchange between the dormant and active species. There are several prerequisites for 
an efficient transition metal catalyst. First, the catalyst should react with initiator fast 
and quantitatively to ensure that all the polymer chains start to add monomer at the 
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same time. Second, the catalyst must have moderate redox potential to ensure an 
appropriate equilibrium between dormant and active species. In general, a low redox 
potential of the catalyst leads to formation of the high Cu(II) concentration 
(equilibrium is shifted toward transient radicals). Consequently, a fast and 
uncontrolled polymerization is observed. In contrast, high redox potential strongly 
suppresses Cu(II) formation (equilibrium is shifted toward dormant species) via a 
halogen atom abstraction process leading to very slow polymerization. Third, the 
catalyst should be less sterically hindered, because large steric congestion around the 
metal center of catalyst results in a reduction of the catalyst activity. Fourth, a good 
catalyst should not afford side reactions such as Hoffman elimination, β-H 
abstraction, and oxidation/reduction of radicals [62]. 
A variety of transition metal complexes with various ligands have been studied as 
ATRP catalysts. The majority of work on ATRP has been conducted using copper as 
the transition metal. Apart from copper-based complexes, iron [63], nickel [63], 
rhenium [57], ruthenium [6], rhodium[64, 65], and palladium [66] have been used to 
some extent. Recent work from Sawamoto and co-workers shows that the Ru-based 
complexes can compete with the Cu-based systems on many fronts. A specific Fe-
based catalyst has also been reported to polymerize vinyl acetate via an ATRP 
mechanism [67]. 
Ligands 
The major roles of the ligand in ATRP is to solubilize the transition metal salt in the 
organic media and to adjust the redox potential and halogenophilicity of the metal 
center forming a complex with an appropriate reactivity and dynamics for the atom 
transfer. The ligand should complex strongly with the transition metal, should also 
allow expansion of the coordination sphere, and should allow selective atom transfer 
without promoting other reactions. 
The most common ligands for ATRP systems are substituted bipyridines, alkyl 
pyridylmethanimines and multidentate aliphatic tertiary amines such as 
N,N,N′,N″,N″ pentamethyldiethylenetriamine (PMDETA), and tris[2-
(dimethylamino) ethyl]amine (Me6-TREN) [5, 68]. In addition to those commercial 
products, it has been demonstrated that hexamethyltriethylene tetramine (HMTETA) 
provides better solubility of the copper complexes in organic media and entirely 
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homogeneous reaction conditions [69]. Since copper complexes of this new ligand 
are almost insoluble in water, ATRP technique can be employed in preparing 
poly(acrylate esters) in aqueous suspensions [70]. 
Solvents 
ATRP can be carried out either in bulk, in solution, or in a heterogeneous system 
(e.g., emulsion, suspension). Common solvents, including nonpolar (toluene, xylene, 
benzene), polar aprotic (diphenyl ether, dimetoxy benzene, anisole, N,N-
dimethylformamide, ethylene carbonate, acetonitrile), and polar protic (alcohols, 
water), are employed not only for solubilizing the monomers, the produced 
polymers, and the catalyst, but also to achieve the controlled polymerization 
condition. A solvent is sometimes necessary, especially when the polymer is 
insoluble in its monomer (e.g., polyacrylonitrile). ATRP has also been successfully 
carried out under heterogeneous conditions in (mini)emulsion, suspension, or 
dispersion. Several factors affect the solvent choice. Chain transfer to solvent should 
be minimal. In addition, potential interactions between solvent and the catalytic 
system should be considered. Catalyst poisoning by the solvent (e.g., carboxylic 
acids or phosphine in copper-based ATRP) [71] and solvent-assisted side reactions, 
such as elimination of HX from polystyryl halides, which is more pronounced in a 
polar solvent [72],  should be minimized. 
2.2.3 Reversible addition–fragmentation chain transfer process (RAFT) 
Reversible addition-fragmentation chain transfer (RAFT) polymerization is one of 
the most efficient methods in C/LRP [10, 73]. An important advantage of this 
method over ATRP and NMP is its tolerance to a wide range of functionalities, 
monomer and solvent [73-75]. This offers the possibility of performing the 
polymerization under a wide range of reaction conditions and polymerizing or 
copolymerizing a wide range of monomers in a controlled manner. In contrast to the 
previously described NMP and ATRP, this system relies on chain transfer for the 
exchange between active and dormant chains. The chain end of a dormant chain 
carries a thiocarbonylthio moiety, which is chain-transfer-active. Upon chain 
transfer, the thiocarbonylthio moiety is transferred to the previously active chain, 
which now becomes dormant, and the previously dormant chain carries the radical 
activity and is able to propagate [10]. 
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The RAFT system consists of a small amount of RAFT agent and monomer and a 
free-radical initiator. Radicals stemming from the initiator are used at the very 
beginning of the polymerization to trigger the degenerative chain transfer reactions 
that dominate the polymerization. Free radicals affect both the molecular weight 
distribution of the polymer as the dead polymer chains of uncontrolled molecular 
weight are formed and the rate of polymerization. Therefore, the concentration of 
free radicals introduced in the system needs to be carefully balanced [76].  
The mechanism of RAFT polymerization with the thiocarbonylthio-based RAFT 
agents involves a series of addition–fragmentation steps as depicted below (reaction 
2.10 a-e) [10, 76]. Initiation and radical–radical termination occur as in conventional 
radical polymerization. Initiation starts with decomposition of an initiator leads to 
formation of propagating chains. In the early stages of the polymerization, addition 
of a propagating radical (Pn·) to the to the thiocarbonylthio compound [S=C(Z)SR] 
followed by fragmentation of the intermediate radical gives rise to a polymeric 
RAFT agent and a new radical (R·). The radical R· reinitiates polymerization by 
reaction with monomer to form a new propagating radical (Pm·). In the presence of 
monomer, the equilibrium between the active propagating species (Pn· and Pm·) with 
the dormant polymeric RAFT compound provides an equal probability for all the 
chains to grow. This feature of the RAFT process offers the production of narrow 
polydispersity polymers. When the polymerization is complete, most of the chains 
retain the thiocarbonylthio end-group (reaction 2.10 e) which has been identified by 
1
H NMR and UV–vis spectroscopy [77]. Additional evidence for the proposed 
mechanism was provided by the identification of the intermediate thioketal radical 
((A) and/or (B), reaction 2.10 b,d) by ESR spectroscopy [78]. 
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(2.10a) 
 
 
 
(2.10b) 
 
 
 
 
 
(2.10c) 
 
 
 
 
(2.10d) 
 
 
 
 
 
(2.10e) 
 
In RAFT polymerization, radicals may be generated in three different ways: (1) by 
decomposition of organic initiators, (2) by the use of an external source (UV–vis or 
γ-ray), and (3) by thermal initiation. Polymerization temperature is usually in the 
range of 60–80 oC, which corresponds to the optimum decomposition temperature 
interval of the well-known initiator azobis(isobutyronitrile) (AIBN). However, even 
room temperature and high temperature conditions can also be applied [79, 80]. 
Generally, a RAFT agent/free-radical ratio of 1:1 to 10:1 yields polymers with 
narrow molecular weight distributions.  
Photo- and γ-ray-induced reactions, which use light energy to generate radicals in 
RAFT polymerization, offer a number of advantages compared with thermally 
initiated ones. The major advantage is to allow the polymerization to be conducted at 
room temperature with relatively shorter reaction times. In photoinduced reactions, 
however, the RAFT agent should carefully be selected, as in some cases control over 
the molecular weight cannot be attained, particularly at high conversions because it 
may also decompose under UV light [81]. RAFT polymerization induced by γ-Ray 
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appeared to be more penetrating compared with the corresponding UV-induced 
processes [82, 83]. 
There are four classes of thiocarbonylthio RAFT agents, depending on the nature of 
the Z group: (1) dithioesters (Z = aryl or alkyl), (2) trithiocarbonates (Z = substituted 
sulfur), (3) dithiocarbonates (xanthates) (Z = substituted oxygen), and (4) 
dithiocarbamates (Z = substituted nitrogen). Representative examples of 
thiocarbonylthio RAFT agents are shown in Figure 2.1, where the Z group is the 
activating group, and R is the homolytically-leaving group. Largely, the Z group 
determines the rate of addition, and the R group determines the rate of fragmentation. 
The choice of Z and R groups is dependent on the nature of the monomer to be 
polymerized [74, 75].  
 
Figure 2.1: Examples of the different classes of thiocarbonylthio RAFT agents. 
2.3 Click Chemistry 
“Click chemistry” is a chemical term introduced by Sharpless in 2001 [11] and 
describes chemistry tailored to generate substances quickly and reliably by joining 
small units together. Click chemistry can be summarized only one sentence: 
Molecules that are easy to make. Sharpless also introduced some criteria in order to 
fullfill the requirements as reactions that: are modular, wide in scope, high yielding, 
create only inoffensive by-products, are stereospecific, simple to perform and that 
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require benign or easily removed solvent. Nowadays there are several processes have 
been identified under this term in order to meet these criterias such as nucleophilic 
ring opening reactions; non-aldol carbonyl chemistry; thiol additions to carbon–
carbon multiple bonds (thiol-ene and thiol-yne); and cycloaddition reactions. Among 
these selected reactions, copper(I)-catalyzed azide-alkyne (CuAAC) and Diels-Alder 
(DA) cycloaddition reactions and thiol-ene reactions have gained much interest 
among the chemists not only the synthetic ones but also the polymer chemists. From 
this point view, these reactions will shortly be summarized. 
2.3.1 Diels-Alder reaction 
The Diels-Alder (DA) reaction is a concerted [4π+2π] cycloaddition reaction of a 
conjugated diene and a dienophile. This reaction is one of the most powerful tools 
used in the synthesis of important organic molecules. The three double bonds in the 
two starting materials are converted into two new single bonds and one new double 
bond to afford cyclohexenes and related compounds (reaction 2.11). This reaction is 
named for Otto Diels and Kurt Alder, who received the 1950 Nobel prize for 
discovering this useful transformation [84-86]. 
 
(2.11) 
Typically, the DA reaction works best when either the diene is substituted with 
electron donating groups (like -OR, -NR2, etc) or when the dienophile is substituted 
with electron-withdrawing groups (like -NO2, -CN, -COR, etc). Many different 
versions of the DA reaction were elaborated, including intramolecular [4+2] 
cycloadditions, hetero-Diels-Alder (HDA) reactions, pressure-accelerated DA 
reactions, and Lewis acid accelerated DA reactions [87]. 
2.3.1.1 Stereochemistry of Diels-Alder reaction 
There are stereochemical and electronic requirements for the DA reaction to occur 
smoothly. First, the diene must be in an s-cis conformation instead of an s-trans 
conformation to allow maximum overlap of the orbitals participating in the reaction 
(reaction 2.12).  
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(2.12) 
The “s” in s-cis and s-trans refers to “sigma”, and these labels describe the 
arrangement of the double bonds around the central sigma bond of a diene. Dienes 
often exist primarily in the lower energy s-trans conformation, but the two 
conformations are in equilibrium with each other. The s-cis conformation is able to 
react in the DA reaction and the equilibrium position shifts towards the s-cis 
conformer to replenish it. Over time, all the s-trans conformer is converted to the s-
cis conformer as the reaction proceeds. Dienes such as cyclopentadiene that are 
permanently “locked” in the s-cis conformation are more reactive than those that are 
not.  
Since the reaction proceeds in a concerted fashion (i.e., bonds are being formed and 
broken at the same time), substituents that are cis on the dienophile will also be cis in 
the product, and substituents that are trans on the dienophile will be trans in the 
product (reaction 2.13) [87-91]:  
 
(2.13) 
A unique type of stereoselectivity is observed in DA reactions when the diene is 
cyclic. In the reaction of maleic anhydride with cyclopentadiene, for example, the 
endo isomer is formed (the substituents from the dienophile point to the larger 
bridge) rather than the exo isomer (the substituents from the dienophile point away 
from the larger bridge) (reaction 2.14).  
The preference for endo–stereochemistry is “observed” in most DA reactions. The 
fact that the more hindered endo product is formed puzzled scientists until 
Woodward, Hoffmann, and Fukui used molecular orbital theory to explain that 
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overlap of the p orbitals on the substituents on the dienophile with p orbitals on the 
diene is favorable, helping to bring the two molecules together [89, 90].  
 
(2.14) 
Hoffmann and Fukui shared the 1981 Nobel Prize in chemistry for their molecular 
orbital explanation of this and other organic reactions. In the illustration below, 
notice the favorable overlap (matching light or dark lobes) of the diene and the 
substituent on the dienophile in the formation of the endo product (reaction 2.15):  
 
(2.15) 
Oftentimes, even though the endo product is formed initially, an exo isomer will be 
isolated from a DA reaction. This occurs because the exo isomer, having less steric 
strain than the endo, is more stable, and because the DA reaction is often reversible 
under the reaction conditions. In a reversible reaction, the product is formed, reverts 
to starting material, and forms again many times before being isolated. The more 
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stable the product, the less likely it will be to revert to the starting material. The 
isolation of an exo product from a DA reaction is an example of an important 
concept: thermodynamic vs kinetic control of product composition. The first formed 
product in a reaction is called the kinetic product. If the reaction is not reversible 
under the conditions used, the kinetic product will be isolated. However, if the first 
formed product is not the most stable product and the reaction is reversible under the 
conditions used, then the most stable product, called the thermodynamic product, 
will often be isolated.  
2.3.1.2 Catalysis of Diels-Alder reactions by Lewis acids 
DA reactions are catalyzed by many Lewis acids, including SnCl4, ZnCl2, AlCl3, and 
derivatives of AlCl3 such as (CH3)2AlCl and (C2H5)2AlCl [87]. A variety of other 
Lewis acids is effective catalysts. The types of dienophiles that are subject to 
catalysis are typically those with carbonyl substituents. Lewis acids form complexes 
at the carbonyl oxygen (reaction 2.16) and this increases the electron-withdrawing 
capacity of the carbonyl group [92]. 
 
(2.16) 
This complexation accentuates both the energy and orbital distortion effects of the 
substituent and enhances both the reactivity and selectivity of the dienophile relative 
to the uncomplexed compound [93]. Usually, both regioselectivity and exo, endo 
stereoselectivity increases. Part of this may be due to the lower reaction temperature. 
However, the catalysts also shift the reaction toward a higher degree of charge 
transfer by making the electron-withdrawing substituent more electrophilic (reaction 
2.17). 
 
(2.17) 
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The solvent also has an important effect on the rate of DA reactions. The traditional 
solvents were nonpolar organic solvents such as aromatic hydrocarbons. However, 
water and other polar solvents, such as ethylene glycol and formamide, accelerate a 
number of DA reactions [94-97]. The accelerating effect of water is attributed to 
“enforced hydrophobic interactions” [95]. That is, the strong hydrogenbonding 
network in water tends to exclude nonpolar solutes and forces them together, 
resulting in higher effective concentrations. 
2.3.2 Copper(I)-catalyzed azide-alkyne cycloaddition (CuAAC) 
There is a large class of reactions known as 1,3-dipolar cycloaddition reactions (1,3-
DPCA) that are analogous to the Diels-Alder reaction in that they are concerted 
[4π+2π]  cycloadditions [98, 99]. 1,3-DPCA reactions can be represented as shown 
in the following diagram. The entity a-b-c is called the 1,3-dipole and d-e is the 
dipolarophile (reaction 2.18). 
 
 
(2.18) 
 
 
The 1,3-dipoles have a π-electron system consisting of two filled and one empty 
orbital and are analogous with the allyl or propargyl anion. Each 1,3-dipole has at 
least one charge-separated resonance structure with opposite charges in a 1,3-
relationship. It is this structural feature that leads to the name 1,3-dipole for this class 
of reactants. The dipolarophiles are typically substituted alkenes or alkynes but all 
that is essential is a π bond, and other multiply bonded functional groups such as 
carbonyl, imine, azo, and nitroso can also act as dipolarophiles. The reactivity of 
dipolarophiles depends both on the substituents present on the π bond and on the 
nature of the 1,3-dipole involved in the reaction. Owing to the wide range of 
structures that can serve either as a 1,3-dipole or as a dipolarophile, the 1,3-DPCA is 
a very useful reaction for the construction of five-membered heterocyclic rings. At 
this point, a particular interest must be given to Ralf Huisgen for his pionering works 
on this field (Huisgen 1,3-DPCA) [100]. In his studies, various five-membered 
heterocyclic rings such as triazole, triazoline, isoxazole, 4-isoxazoline etc. were 
described. The triazole ring, formed via Huisgen 1,3-DPCA reaction between an 
azide an alkyne have gained much interest due to its chemically inert character e. g. 
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oxidation, reduction and hydrolysis. The reason behind this fact lies in the inert 
character of the two components (azide and alkyne) to biological and organic 
conditions. Elevated temperatures and long reaction times are important 
requirements for the triazole formation as stated by Huisgen. Good regioselectivity in 
the uncatalyzed Huisgen type cycloaddition is observed for coupling reactions 
involving highly electron-deficient terminal alkynes, but reactions with other alkynes 
usually afford mixtures of the 1,4- and 1,5-regioisomers (reaction 2.19) [101]. 
      
 
(2.19) 
Thus, only following the recent discovery of the advantages of Cu(I)-catalyzed 
alkyne–azide coupling, reported independently by the Sharpless [102] and Meldal 
[103] groups, did the main benefits of this cycloaddition become clear. Cu(I) 
catalysis dramatically improves regioselectivity to afford the 1,4-regioisomer 
exclusively (reaction 2.20) and increases the reaction rate up to 10
7
 times eliminating 
the need for elevated temperatures [104]. This excellent reaction tolerates a variety of 
functional groups and affords the 1,2,3-triazole product with minimal work-up and 
purification, an ideal click reaction [102, 103]. Although the thermal dipolar 
cycloaddition of azides and alkynes occurs through a concerted mechanism, density 
functional theory calculations on monomeric copper acetylide complexes indicate 
that the concerted mechanism is strongly disfavored relative to a stepwise 
mechanism. Although one can imagine, for example, direct, concerted cycloaddition 
of a copper–acetylene π complex with the appropriate azide, the calculated activation 
barrier for this process exceeds that of the uncatalyzed process, and the lowest barrier 
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found for any concerted process is 23.7 kcal/ mol  too high to be responsible for 
significant rate effect of Cu(I) catalysis [105]. Stepwise cycloaddition catalyzed by a 
monomeric Cu(I) species lowers the activation barrier relative to the uncatalyzed 
process by as much as 11 kcal/mol, which is sufficient to explain the incredible rate 
enhancement observed under Cu(I) catalysis. 
 
(2.20) 
In fact, the discovery of Cu(I) efficiently and regiospecifically unites terminal 
alkynes and azides, providing 1,4-disubstituted 1,2,3-triazoles under mild conditions, 
was of great importance. On the other hand, Fokin and Sharpless proved that only 
1,5-disubstituted 1,2,3-triazole was obtained from terminal alkynes when the catalyst 
switched from Cu(I) to ruthenium(II) [106]. In their experiments, one point has to be 
stressed, all reactions require higher temperatures (benzene reflux or dioxane at 60 
o
C) with respect to Cu(I) catalyst systems, performed at room temperature (reaction 
2.21).  
 
(2.21) 
 
 
 
2.3.3 Thiol-ene reaction 
The thiol-ene reaction, well-known for over 100 years, [107] is, simply, the 
hydrothiolation of a C C bond (reaction 2.22). Hoyle and Bowman groups have been 
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most widely employed this method for preparing near-perfect networks and films 
which is arguably the latest and newest attempts in polymer/materials fields [108]. 
The click status of this reaction is due to its highly efficient and orthogonal character 
to a wide range of functional groups, as well as for being compatible with water and 
oxygen. The thioether linkage, formed after thiol-ene reaction shows greater stability 
to a wide range of chemical environments, such as strong acid and basic media as 
well as oxidizing and reducing conditions.  
Generally, the thiol-ene reaction has been conducted under radical conditions, 
photochemically and thermally induced [107-110]. Under such conditions, it 
proceeds via a typical chain process with initiation, propagation and termination 
steps. Initiation involves the treatment of a thiol with an initiator, under irradiation or 
heat, resulting in the formation of a thiyl radical, RS˙, plus other byproducts (reaction 
2.22). Simple thermallysis of the S–H bond can also be employed as a means of 
generating thiyl radicals. Propagation is a two step process involving first the direct 
addition of the thiyl radical across the C=C bond yielding an intermediate carbon-
centred radical followed by chain transfer to a second molecule of thiol to give the 
thiol-ene addition product, with anti-Markovnikov orientation, with the concomitant 
generation of a new thiyl radical. Possible termination reactions involve typical 
radical–radical coupling processes. 
 
(2.22) 
In addition to the radical mediated thiol-ene reactions, hydrothiolations can be 
readily accomplished under mild base or nucleophilic catalysis such as NEt3, 
primary/secondary amines or certain phosphines [111]. Such reactions are slightly 
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less versatile than the radical-mediated thiol-ene reaction since to be effective the 
C C must be activated, i.e. electron deficient (reaction 2.23). 
 
(2.23) 
Figure 2.2 shows some examples of suitable activated ene substrates, and includes 
(meth)acrylates, fumarate esters and maleimide derivatives.  
 
Figure 2.2: Examples of activated substrates susceptible to hydrothiolation via a 
base/nucleophile-mediated process. 
Maleimides are common activated substrates for such thiol-ene reactions and deserve 
a special comment. Due to the presence of two activating carbonyl groups in a cis-
conformation coupled with ring-strain/bond angle distortion, the C C bond in 
maleimides is especially reactive and as such, thiol-ene reactions occur extremely 
rapidly. Indeed, the high efficiency of these reactions is evident from their 
widespread use as a bioconjugation tool [112-116].  
2.4 Polymer Topology 
The control over molecular weight and functionality obtained in living or C/LRP 
have allowed for the synthesis of polymers with various architectures. With the 
exception of linear polymers, architectural differences lie in branched structures with 
regard to the number of branches and their relative placement in the macromolecule. 
However, these variations, inconjunction with changes in composition, may provide 
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dramatic differences in the properties of the materials. At first glance, polymer 
topology includes linear, block, graft, star, cyclic, hyperbranched etc. [117]. Among 
them, the synthesis of block and star polymers is the part of this thesis, and the 
synthesis of graft polymers will be summarized due to their importance both in 
academically and industrially.  
2.4.1 Block copolymers 
Block copolymers, or more general segmented copolymers, are a fascinating class of 
polymeric materials made by covalent bonding of two or more chemically different 
polymeric chains that, in most cases, are thermodynamically incompatible giving rise 
to a rich variety of microstructures in bulk and in solution. In this way, versatile 
properties can be combined, leading to the possibility of using block copolymers as 
compatibilizers, impact modifiers, surface modifiers, coating materials, antistatic 
agents, adhesives, for drug delivery and information storage [12, 118]. Their 
properties, including their mechanical, thermal, and solubility behavior, can be 
controlled through their composition. Another well-known application field is their 
use as thermoplastic elastomers in which soft and rigid segments are covalently 
combined. Block copolymers can be synthesized by various ways such as sequential 
addition of monomers to a living polymerization system, transformation approach, 
the use of dual or heterofunctional initiator and coupling reactions. 
2.4.1.1 Block copolymers by sequential monomer addition 
Two general routes have been developed for the synthesis of  block copolymers in 
well-defined manner using sequential monomer addition [12]. The first one is valid 
for all living polymerization systems. In this method, one of the monomers is 
polymerized first. After its complete consumption, the second monomer is in-situ 
added, and the polymerization is again allowed to proceed to completion. Second 
case is valid for C/LRP methods. In this case, the polymerization of first segment is 
achieved through one of the C/LRP methods and isolated. The obtained 
macroinitiator is used for the growth of the second segment via a similar method 
used for the polymerization of the first segment (Figure 2.3). 
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Figure 2.3: Illustration of the synthesis of block copolymers by sequential monomer 
addition. 
Ionic polymerizations have offered the first examples of well-defined block 
copolymers prepared by sequential monomer additon. A wide variety of diblock 
copolymers of St and isoprene (I) or butadiene (Bd), having predictable molecular 
weight and composition as well as narrow molecular weight and compositional 
distribution, have been synthesized by sequential addition of monomers using 
anionic polymerization. For instance, PS-b-poly(isoprene) (PS-b-PI) was synthesized 
starting from the polymerization of St, and then the diene is added to the reaction 
mixture because it is well established that PS-Li active centers can initiate efficiently 
the polymerization of dienes in hydrocarbon solvents (reaction 2.24) and not vice 
versa. The use of hydrocarbon solvents and Li as counterion in the initiator are 
essential for the production of polydienes having high 1,4 microstructure, leading to 
block sequences with low Tg and good elastomeric properties [119, 120]. 
 
(2.24) 
Diblock copolymers containing styrene (or styrenic monomers) or dienes (isoprene, 
butadiene), and (meth)acrylic monomers have been reported in the literature. These 
blocks are synthesized by polymerizing first the most reactive monomer (styrenic or 
diene) and then the (meth)acrylic monomer. Polymerization of the (meth)acrylic 
monomers requires low polymerization temperatures (-78 
o
C), polar solvents (usually 
THF), and relatively less active and sterically hindered initiators in order to avoid 
reaction of active anions with the carbonyl group of the (meth)acrylic monomers. For 
this reason the more active styrenic or dienic anion is usually transformed to a less 
active more sterically hindered one by reaction with diphenylethylene (DPE), a 
nonhomopolymerizable monomer (reaction 2.25). Following this strategy, 
Hadjichristidis et al. prepared PS-b-poly(methyl metacrylate) (PS-b-PMMA) with 
well-defined architecture [121].  
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(2.25) 
The synthesis of linear block copolymers containing two chemically different blocks 
by cationic polymerization can be accomplished by sequential monomer addition in a 
simple and convenient way. The successful synthesis of diblock copolymers is based 
on the appropriate selection of experimental polymerization conditions, like Lewis 
acid, additives, solvent, and temperature. The most important part of the synthetic 
design is the selection of the appropriate order of monomer addition. Sawamoto who 
is the pioneer of true living cationic polymerization, prepared a large variety of AB 
type block copolymers containing vinylethers by sequential addition of monomers 
[28]. For instance, poly(methyl vinyl ether)-b-poly(cetyl vinyl ether) (PMVE-b-
PCVE) block copolymer was prepared starting from methyl vinyl ether (MVE) 
monomer using HI/I2 initiating system, then cetyl vinyl ether (CVE) was added to 
PMVE solution afforded well-defined block copolymer [122]. The authors also 
proved that reverse of this strategy enabled the synthesis of well-defined block 
copolymer as well (reaction 2.26). 
 
(2.26) 
Some experimental conditions must be taken into account to obtain well-defined 
block copolymer in the case of macroinitiator method. The important one is to handle 
the first block very carefully to increase the blocking efficiency. It is essentially 
important to stop the polymerization of the first monomer with limited conversions. 
Because end functionalities might be lost, resulting in the formation of dead blocks. 
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Another feature to be considered, as in all sequential monomer additions, is the order 
of introducing each monomer. Along with the rate constant of cross-addition ka and 
the rate constant of propagation, kp of the second monomer, the equilibrium constants 
Ka and Kb between active and dormant species for the two kinds of monomer units 
should be taken into consideration. Apparently, the very active monomer should be 
polymerized first, which is valid for either of the controlled polymerization 
mechanisms. 
NMP has been first used for the synthesis of block copolymers containing PS as the 
first block and a random copolymer of St and acrylonitrile (AN) as the second block 
[123]. St was polymerized first using BPO/TEMPO at low conversion to give 
TEMPO-terminated PS of high functionality. This macroinitiator was isolated and 
purified. It was used for the polymerization of an azeotropic mixture of St and AN 
(St:AN=63:100). The final copolymer had rather low polydispersity and composition 
close to the expected one, with no detectable homo-PS impurity (reaction 2.27). 
 
(2.27) 
Larger varieties of block copolymers have been synthesized by ATRP due to the 
greater flexibility of the method, in terms of polymerizable monomers. The synthesis 
of triblock copolymers containing three different monomers is accomplished by a 
three-step sequential monomer addition. Matyjaszewski and coworkers [124] 
reported the synthesis of poly(tert-butyl acrylate)-b-PS-b-poly(methyl acrylate) 
(PtBA-b-PS-b-PMA) triblock using this method. Tert-butyl acrylate (tBA) was 
polymerized first using methyl 2-bromopropionate as the initiator and CuBr/dNbpy 
as the catalyst, followed by the addition of St and methyl acrylate (MA) (reaction 
2.28). 
 
(2.28) 
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Synthesis of block copolymers comprising monomers of distinct reactivities requires 
that the monomers be introduced in a specific sequence if one desires to obtain good 
control over the polydispersities. The addition should be handled in a manner 
favoring the cross-propagation (i.e., the initiation of the second block by the first 
one) over propagation. For instance, a PMMA block should precede the growth of a 
PS block, and not the reverse. In this case, the cross-propagation is rather fast, 
because the equilibrium between active and dormant chains lies more to the active 
side. On the other hand, the rate of propagation of the St monomer is comparatively 
slow. As a result, nearly all the chains of the second PS block are initiated before the 
propagation takes place. Evidently, this results in a low polydispersity. 
Alternatively, a technique called the “halogen exchange” [125-129] can be employed 
to change this sequence of blocking. In this methodology, the first block (e.g., PS) is 
formed using a bromide-functional initiator in combination with a copper (I) bromide 
catalyst. In the next step, the second monomer (e.g., MMA) is added together with 
copper (I) chloride. Here, the activation of bromide-functional chain is followed by 
deactivation with CuCl2 (or CuClBr). Because the carbon-chlorine bond is stronger 
than that of carbon-bromine, formation of a carbon-chlorine bond predominates in 
this mixed halogen system, and thereby retards the propagation in comparison to the 
cross-propagation. 
Moreover, an ABCBA-type pentablock terpolymer was prepared using a bromo-
terminated PtBA-b-PS-b-PtBA triblock as a macroinitiator in the chain-extension 
with methyl metacrylate (MMA) [130]. The triblock copolymer with Mn = 13,600 
and PDI = 1.23 was synthesized beforehand from a bifunctional PS using the 
CuBr/PMDETA catalyst system. Subsequent chain-extension with MMA, using the 
system CuCl/HMTETA afforded the desired PMMA-b-PtBA-b-PS-b-PtBA-b-
PMMA terpolymer with Mn = 48,500 and PDI 1.21. An increase in the PDI was 
avoided due to the halogen exchange mechanism, which enhanced the rate of cross-
propagation relative to the rate of propagation. 
RAFT as  another controlled radical polymerization technique was used for the 
synthesis of block copolymer of AN and n-BA with low polydispersity and 
controlled moleculer weight using a novel RAFT agent, 2-cyanoethyl dithiobenzoate 
(CED) [131]. 
  
36 
2.4.1.2 Block copolymers by transformation reaction 
The transformation approaches include the change in polymerization mechanism 
from one to another [2]. In this concept, a polymer, obtained by a selected living 
polymerization mechanism is isolated and purified, and finally the functional groups 
are converted to another kind of species capable of initiating polymerization of the 
second monomer using another polymerization mechanism (Figure 2.4). 
 
Figure 2.4: Illustration of the synthesis of block copolymers by transformation 
reactions. 
The early examples of block copolymers through transformation approaches were 
provided by living ionic polymerization methods. Anionic-to-cationic or reverse 
transformation reactions were successfully employed to prepare block copolymers. 
Burgess et al. who deserves a particular interest for this connection, [132], 
demonstrating the great versatility of the transformation reactions in 1977. In his 
work, the synthesis of PS-b-poly(tetrahydrofuran) (PS-b-PTHF) copolymer was 
accomplished by means of transformation of active anionic centers to cationic ones. 
PS-Li first prepared by living anionic polymerizationis then anionic center 
transformed to bromine-end (PS-Br) in the presence of excess bromine. Later, 
terminal halogen atom was activated using silver salt (AgClO4) generating a 
carbocation. This cationic active center is used for the polymerization of THF 
affording PTHF block (reaction 2.29). 
 
(2.29) 
Many examples of active site transformations from cation to anion to prepare block 
copolymers based on poly(isobutylenes) (PIBs) have been reported. The recent report 
by Feldthusen et al.[133]  on this type of transformation illustrates the versatility of 
the method to obtain new and unique polymer architectures. In this work, living PIB 
chains were quantitatively captured with 1,1-diphenylethylene, leading to 
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diphenylmethoxy and diphenylvinyl end groups  The stable macroanions obtained by 
the subsequent metalation of the end groups were used to initiate living anionic 
polymerization of tert-butyl methylacrylate (t-BMA) yielding PIB-b-poly(tert-butyl 
methylacrylate) (PIB-b-PtBMA) copolymers with almost quantitative efficiency. 
The combinations of living ionic polymerizations with C/LRP have found many 
applications as well. The transformation of a living anionic center to a functional 
group containing TEMPO was reported by Kobatake et al. [134, 135]. In this study, 
living poly(butadiene) (PBd) was obtained by anionic polymerization and termineted 
with TEMPO derivative. Next, NMP of St was achieved affording PS-b-PBd 
copolymer with controlled manner (reaction 2.30).  
 
(2.30) 
Anionically polymerized styrene- and diene-based living polymers were terminated 
with ethylene oxide (EO), giving hydroxyl end-functionalized homopolymers. The 
terminal OH groups were converted to 2-bromoisobutyroxy groups, which were 
subsequently used as initiating sites for the ATRP polymerization of MMA [136] 
(reaction 2.31). 
 
(2.31) 
Similar block copolymer was also obtained by cationic to ATRP transformation as 
reported by Coca et al. [137]. In this study, PS was prepared by 1-PhEtCl/SnCl4 
system in the presence of n-Bu4NCl possesses a Cl-terminal atom. This end-
functionalized polymer was used directly for the ATRP of MA and MMA. Well-
defined PS-b-PMA and PS-b-PMMA copolymers were obtained with well-defined 
architecture.  
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Since ATRP possesses halide-end group due to its nature, reverse of cationic to 
ATRP strategy would be the simplest approach to the synthesis of block 
copolymers., and therby enabling the synthesis of various block copolymers. For 
instance, PS-b-PTHF copolymer was prepared by the combination of ATRP and 
CROP [138]. First, linear PS was obtained by ATRP and terminal halogen atom that 
could be activated by AgClO4 in order to initiate the CROP of THF, giving PS-b-
PTHF copolymers (reaction 2.32). 
 
(2.32) 
Both segments in the transformation approach can be prepared using C/LRP 
methods. ATRP and RAFT are better candidates for this type of transformation 
[139]. For example, PtBA was synthesized via ATRP of tBA then the halide-end was 
converted into macro-RAFT agent using potassium O-ethylxanthate, finally RAFT of 
vinyl acetate (VAc) was accomplished in order to give PtBA-b-poly(vinyl acetate) 
(PVAc) copolymer (reaction 2.33). 
 
 
(2.33) 
2.4.1.3 Block copolymers by using dual initiators 
The use of a dual initiator (also named bifunctional initiator, asymmetric difunctional 
initiator or „„double-headed‟‟ initiator), or more general a heterofunctional initiator, 
provides an opportunity to combine mechanistically incompatible monomers into one 
macromolecule without the need for intermediate transformation and protection 
steps, which can offer new opportunities in the design and application of functional 
organic materials (Figure 2.5). In contrast to transformation mechanism, where a 
transformation of the propagating chain end takes place, heterofunctional initiators 
can initiate several polymerization mechanisms, yielding block copolymers in a 
direct way. A requirement for such a mechanism is that each initiating group is stable 
in the different polymerization circumstances of the other type of polymerization 
[140]. 
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Figure 2.5: Illustration of the synthesis of block copolymers by dual initiation. 
The synthesis of well-defined block copolymers obtained by dual initiators using 
only ionic polymerization routes is sparse. The first study belonged to Deffieux et 
al.[141] who prepared a-acetal-terminated PS by the anionic polymerization of St, 
initiated with lithiopropionaldehyde diethyl acetal. To control the molar masses and 
the MWD of the polymers, the polymerization was performed in the presence of 
tetramethylene diamine (TMEDA). The acetal terminated PS was then converted into 
the corresponding a-iodo-ether with trimethylsilyl iodide (TMSI). The addition of 
chloro-ethyl vinyl ether (CEVE) and a ZnCl2-activator resulted to the cationic 
polymerization, initiated by the PS-chain, and thus to a PS-b-poly(chloro-ethyl vinyl 
ether ) (PS-b-PCEVE) diblock copolymer (reaction 2.34). The good agreement 
between the observed molecular weights and those calculated assuming quantitative 
initiation and a narrow molecular weight distribution supported fast and quantitative 
initiation from PS-acetal ends with TMSI/ZnCl2. 
 
(2.34) 
Sogah et al. [142] first reported the synthesis of dual initiator having in their 
molecule initiating sites for different types of polymerizations and their use in the 
synthesis of block (and graft) copolymers of St and 2-oxazoline. Later same group 
[143] showed that the NMP of St (using TEMPO) and the CROP of phenyl oxazoline 
(using Cl in the presence of silver triflate) could be performed simultaneously using 
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similar dual initiator, resulting in block copolymers of PS-b-poly(phenyl oxazoline) 
(reaction 2.35). 
 
(2.35) 
Bernaerts et al. [144] prepared dual initiator, 2-bromo-(3,3-diethoxy-propyl)-2-
methylpropanoate, and used it successfully for the synthesis of well-defined stimuli–
responsive block copolymers by means of living cationic polymerization of MVE 
and ATRP of tBA without regarding the order of polymerizations. In a first step, the 
acetal and Br end groups of dual initiator was used to generate well-defined 
homopolymers by living cationic polymerization (PMVE with pendant Br end group) 
or ATRP (resulting in polymers with remaining acetal function) respectively. In a 
second step, PMVE-Br or the acetal functionalized PtBA was used as macroinitiators 
for the synthesis of well-defined block copolymers respectively. After hydrolysis of 
the tert-butyl groups in the PMVE-b-PtBA block copolymer, biresponsive PMVE-b-
poly(acrylic acid) (PAA) was obtained (reaction 2.36). 
 
(2.36) 
Hawker, Hedrick, Jerome, and coworkers [145] synthesized a hydroxyl 
functionalized alkoxyamine dual initiator and used it for the NMP of St and the metal 
catalyzed ROP of e-caprolactone (e-CL) in two steps. Later, this approach was 
proved to be efficient in one-pot and one-step by the same group [146]. The diblock 
copolymers obtained had narrow molecular weight distributions (reaction 2.37).  
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(2.37) 
Hizal, Tunca and co-workers [147-149] showed that various block copolymers could 
be synthesized by the combination of two different C/LRP mechanisms using dual 
initiator method, namely NMP and ATRP. The heterofunctional initiator contains 
two reactive sites, a TEMPO-group for NMP and a 2-bromopropionate or 2-bromo-
isobutyrate end group for ATRP initiation. Several sequences of the polymerization 
processes (ATRP– NMP and NMP–ATRP) were applied to prepare well-defined AB 
block copolymers with low polydispersities. Since the homo and block copolymers 
still contain reactive end groups for ATRP and NMP, extension to ABC triblock 
copolymers, for instance, is possible. The ATRP–ATRP–NMP route was less 
efficient in the synthesis of triblock copolymers because some TEMPO-end 
functionality might be lost during the first two ATRP sequences. Altintas et al. [150] 
used similar dual initiator, comprising crown ether unit at the junction point to 
initiate ATRP of MMA in the presence of CuCl and PMDETA at 60 
o
C. Thus 
obtained PMMA precursor was further used as a macroinitiator in NMP of St at 125 
o
C to give well-defined PMMA-b-PS with crown ether unit (reaction 2.38). 
 
(2.38) 
2.4.1.4 Block copolymers by coupling reactions 
Indeed, aforementioned traditional techniques have found many applications in 
literature for the synthesis of block copolymers with well-defined character, but there 
are several parameters must be taken into account while one of those methods have 
been used. For instance, since the obtained macroinitiator directly affects the 
polymerization rate and growth of the second segment, choosing the proper 
monomer to start the polymerization of the first segment or to stop it at the right 
moment without losing end group functionalities are crucial in this technique. 
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Moreover, sequential monomer addition technique excludes monomers that 
polymerize by different mechanisms. In order to extend the range of monomers that 
polymerize by different mechanism, the transformation approach was postulated. 
Although, this method offers the incorporation of different types of monomers, 
macroinitiation is still a problem. Due to block copolymers can be prepared through 
concurrent polymerization, means that there is no need either macroinitiation or end 
group transformation, the technique of dual initiation seems an efficient method for 
well-defined block copolymer construction. On the other hand, there is small amount 
of monomer couple enables such polymerization, and therefore the synthesis of block 
copolymers via dual initiators mostly occurs in sequential reaction steps. Thus, the 
problems derived from macroinitiation again should be exist. Consequently, it seems 
suitable to prepare separately of both segments in block copolymers and to link them 
via their end groups using efficient organic reactions (Figure 2.6). In this connection, 
coupling reactions particularly click coupling reactions have emerged as a robust 
method and been extensively used not only to the synthesis of block copolymers but 
also to the polymers from linear to complex macromolecular structures since past 
five years [151-158].  
 
Figure 2.6: Illustration of the synthesis of block copolymers by coupling reactions. 
Nowadays, there are several click coupling reactions available for the synthesis of 
block copolymers with well-defined manner. At first glance, C/LRP techniques 
especially ATRP seems suitable tool for the construction of block copolymers by the 
combination of click chemistry (marriying click chemistry with ATRP). Since the 
polymers obtained by ATRP contain halide functionality at their ends, these atoms 
can be easily converted to azide functionality in which one of crucial component of 
CuAAC click reaction.  Opsteen and Van Hest [159] were the first who demonstrated 
that a variety of block copolymers could be prepared using azido- and diazido- 
functionalized PS, acetylene-functionalized PMMA as well as azide- and acetylene-
functionalized poly(ethylene glycol) (PEG). These building blocks were combined in 
the presence of copper (I) catalyzed (reaction 2.39).  
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(2.39) 
Later, same group [160] extented their work and managed to synthesis of ABC type 
triblock copolymers. In that case, the method fallowed by the authors was sequential 
coupling of the each segments. On the other hand, the similiar block copolymers 
were obtained by Stenzel and coworkers [161] with only the change in the 
polymerization mechanism, RAFT was used in that case.  
Kowollik and co-workers [162] first time utilized HDA click reaction to the 
synthesis of well-defined block copolymers. In their study, RAFT generated 
polymers with terminal thiocarbonylthio groups were reacted with the polymers 
comprimising diene moieties in the presence of suitable catalysts. The authors 
showed that the reaction was completed within 24 h at 50 
o
C when Z group had 
electron-withdrawing character (a), and zinc chloride was used as catalyst. On the 
other hand, when Z group had electron-donating character (b), and trifluoroacetic 
acid (TFA) was the catalyst, the reaction was completed within few hours (2 h) at 50 
o
C (reaction 2.40).   
 
(2.40) 
Moreover, Sumerlin and co-workers [163] demonstrated the successful synthesis of 
block copolymers by Michael additions (thiol-maleimide) on polymers prepared by 
the RAFT technique. As illustrated in reaction 2.41, the polymerization and 
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following click reactions were all performed in the absence of any metal catalyst. 
The Michael addition of maleimide-terminated poly(N-isopropylacrylamide) 
(PNIPAM) with sulfhydryl-terminated PS (PS-SH) occurred under an inert 
atmosphere within 24 h at room temperature. The excess of PS-SH was removed 
from the reaction mixture by immobilization onto an insoluble iodoacetate- 
functionalized support, which represents an elegant method that avoids 
chromatographic purification steps.  
 
(2.41) 
In addition to these efficient click coupling reactions, Huang et al. [164] proved that 
well-defined ABC type triblock terpolymers could be obtained by means of CuAAC 
click and ATNRC reactions. In this study, TEMPO containing polymers (PEG and 
PCL), alkyne and azide end-functionalized polymers were reacted in one-pot in the 
presence of CuBr/PMDETA catalyst system for 24 h. Here, CuAAC click reaction 
was accomplished between azide and alkyne functional polymers. Simultaneously, 
halide end group was irreversibley capped by TEMPO unit in order to obtain ABC 
triblock terpolymer (reaction 2.42). 
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(2.42) 
2.4.2 Graft copolymers 
Graft copolymers consist of a main polymer chain, the backbone, with one or more 
side chains attached to it through covalent bonds, the branches. Graft copolymers are 
comb-shaped polymers where the chemical nature of the backbone and the branches 
differs. The chemical nature and composition of the backbone and the branches differ 
in most cases. Branches are usually distributed randomly along the backbone, 
although recently advances in synthetic methods allowed the synthesis of better 
defined structures [165, 166]. Randomly branched graft copolymers can be prepared 
by three general synthetic methods:, the “grafting from”, “grafting through” or 
macromonomer and the the “grafting onto”. 
2.4.2.1 “Grafting from” method  
The “grafting from” method incorporates active sites along the backbone from which 
polymerization can be initiated. Polymerization from these initiating sites results in 
the formation of polymeric grafts to afford the graft copolymer (Figure 2.7).  
 
Figure 2.7: Illustration of the synthesis of graft copolymers by “grafting-from” 
method. 
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The “grafting from” approach has been extensively used in the synthesis of well-
defined macromolecular grafts and brushes. For instance, PI-g-PS and PBd-g-PS 
(reaction 2.43) well-defined copolymers were synthesized several years ago 
employing anionic polymerization [167, 168].  
 
(2.43) 
Due to polymerization of monomers, comprising reactive groups such as hydroxyl, 
acid or amines etc. are allowed in C/LRP methods, the “grafting from” approach has 
found many applications in literature using either the combinations of C/LRP 
methods or their combinations with other living systems. For instance, a combination 
of ATRP and ROP [169] enabled the synthesis of well-defined graft copolymer. In 
this study, poly(2-hydroxyethyl methacrylate) (PHEMA) backbone was obtained by 
ATRP of 2-hydroxyethyl methacrylate (HEMA) and poly(-caprolactone) (PCL) side 
chain was obtained by ROP of -caprolactone (-CL) (reaction 2.44).  
 
(2.44) 
Klumperman et al. [170] reported the successful homopolymerization of 2-(2-
bromoisobutyryloxy) ethyl methacrylate (BIEM), an acrylate possessing an ATRP 
initiator side group. Polymerization of BIEM was accomplished using RAFT 
polymerization, after which PMA was grown from the PBIEM macroinitiator via 
ATRP to yield densely grafted brush. This study proved successful combination of 
ATRP-RAFT systems. 
Inceoglu et al. [171] prepared well-defined graft and block-graft copolymers via the 
ATRP-NMP combination. First, using ATRP process, MMA and 2-phenyl-2-
[(2,2,6,6-tetramethylpiperidino)oxy] ethyl methacrylate as comonomer were 
polymerized in the presence of CuCl/PMDETA as a catalyst and ethyl-2-
bromoisobutyrate or 2-phenyl-2-[(2,2,6,6-tetramethylpiperidino)oxy] ethyl 2-
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bromopropanoate as an initiator. Second, the corresponding copolymers with 
TEMPO functionality were then used as polyfunctional macroinitiator in NMP of St 
to yield the resulting graft and block-graft copolymers (reaction 2.45). 
 
(2.45) 
2.4.2.2  “Grafting through” method 
In the “grafting through” strategy, preformed macromonomers are polymerized to 
produce the graft copolymer (Figure 2.8). The macromonomers are typically 
polymeric or oligomeric chains with a polymerizable end group; thus, the grafts are 
composed of the macromonomer chain segment, and the backbone is formed in situ. 
The grafting through strategy has been used to synthesize graft copolymers using a 
variety of controlled polymerization methods. 
 
Figure 2.8: Illustration of the synthesis of graft copolymers by “grafting-through” 
method. 
PS macromonomer formation by anionic polymerization has been described in 
several cases [172]. In one of them [173] St was polymerized by s-BuLi, and once 
the monomer has been consumed completely, a slight excess of ethylene oxide was 
added. The oxirane end-capped living polymer was then reacted with methacryloyl 
chloride to give a PS macromonomer with a methacrylate type polymerizable end 
unit. This macromonomer was used, after complete removal of protonic impurities, 
in subsequent anionic copolymerization with MMA to give the corresponding 
PMMA-g-PS copolymers (reaction 2.46).  
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(2.46) 
In order to obtain macromonomers that can subsequently be polymerized by C/LRP 
techniques, postpolymerization modification is typical. For example, Mueller et al. 
[174] used a hydroxyl-terminated ATRP initiator that, after polymerization, could be 
reacted with methacryloyl chloride to yield a polymerizable macromonomer. 
Muehlbach et al. [175] employed nucleophilic substitution with methacrylic acid to 
convert the halogen end groups from ATRP to methacrylate end groups. While 
postpolymerization modification and subsequent growth of the graft copolymer 
backbone by ATRP efficiently yielded densely grafted polymer brushes. In an effort 
to extend the use of ATRP in the synthesis of graft copolymers by the “grafting 
through” technique, the Sumerlin group [176]  reported a versatile and efficient route 
for the synthesis of macromonomers using ATRP and CuAAC click reaction. In this 
work, PS, PBA, and PS-b-PBA were all prepared by ATRP, and the resulting 
bromine end group was converted to an azide by reaction with sodium azide. The 
resulting azido-terminated polymers were allowed to undergo a CuAAC click 
reaction with an alkyne-containing acrylate to complete the synthesis of the 
macromonomers (reaction 2.47). This approach presents a general strategy for the 
synthesis of many different types of macromonomers containing diverse 
functionalities due to the inherent orthogonality of the click cycloaddition reaction. 
 
(2.47) 
2.4.2.3  “Grafting onto” method 
In the “grafting onto” method the backbone and the arms are prepared separately by 
a living polymerization mechanism. The backbone possessing functional groups 
distributed along the chain that can react with the living branches. Upon mixing the 
backbone and the branches under the appropriate experimental conditions, a coupling 
reaction takes place resulting in the final graft copolymers (Figure 2.9). 
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Figure 2.9: Illustration of the synthesis of graft copolymers by “grafting-onto” 
method. 
By means of an anionic polymerization mechanism, the molecular weight, molecular 
weight polydispersity, and the chemical composition of the backbone and branches 
can be controlled. For instance, Ruckenstein and Zhang [177] reported that the 
anionic copolymerization of 4-(vinylphenyl)-1-butene with St in toluene/THF at -40 
°C afforded well-defined polymers, since under these experimental conditions the 
vinylic double bond was selectively polymerized. The copolymers were subjected to 
hydrosilylation for the introduction of Si-Cl groups at the olefinic double bonds. 
These groups were used as grafting sites for the linking of PSLi, PILi, and PMMALi 
living chains in order to synthesize PS-g-PS, PS-g-PI, and PS-g-PMMA copolymers 
with well-defined molecular characteristics (reaction 2.48).  
 
(2.48) 
 
 
 
Due to lack of efficient organic reactions, the synthesis of well-defined polymeric 
brushes obtained by a combination of “grafting-onto” technique and C/LRP methods 
has remained a challenge until past few years. Fortunately, click coupling reactions 
have offered many alternatives in order to maximize the extent of reaction between 
the polymeric grafts and the backbone. CuAAC click reaction, in particular, has been 
widely used as an efficient organic reaction in order to obtain graft copolymers. 
When triazole formation is employed, the alkyne can reside either on the polymer 
backbone or on the chain end of the polymer chain being coupled to the backbone. 
Matyjaszewski and co-workers [178] has reported the synthesis of a fully alkyne-
modified linear backbone by esterification of the hydroxyl side chains on PHEMA 
with pentynoic acid. The alkyne-functionalized backbone was then reacted with 
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azide terminated PEG, PS, PBA, and PBA-b-PS to produce a series of block graft 
copolymers (reaction 2.49). 
 
(2.49) 
 
 
 
In another study, a polymer backbone with an alkyne side chain was obtained by 
RAFT polymerization of a TMS-protected propargyl methacrylate monomer (PgMA) 
and subsequent removal of the TMS group with tetrabutylammonium fluoride 
(TBAF) produced poly(propargyl methacrylate) (PPgMA) [179]. Independently, 
VAc was polymerized using an azide-functionalized xanthate to control chain growth 
by macromolecular design via the interchange of xanthates (MADIX). The azide 
terminated PVAc and the alkyne-functionalized backbone were allowed to undergo 
reaction in the presence of copper iodide, by which formation of 1,2,3- triazoles 
resulted in a brush copolymer with PVAc grafts (reaction 2.50). 
 
(2.50) 
 
 
Gacal et al. [180] reported the synthesis of well-defined PS-g-PEG and PS-g-PMMA 
copolymers employing DA click reaction. In this work, random copolymers of St and 
chloromethyl styrene (CMS) with various CMS contents were prepared by NMP 
process. Then, the choromethyl groups were converted to anthryl groups via the 
etherifaction with 9-anthracene methanol. The other component of the click reaction, 
namely protected maleimide functional polymers were prepared independently by the 
modification of commercially available PEG and PMMA obtained by ATRP using 
the corresponding functional initiator. Then, in the final stage, PEG and PMMA 
prepolymers were added anthryl functional PS through DA reaction to form 
respective (PS-g-PEG) and (PS-g-PMMA) copolymers (reaction 2.51). 
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(2.51) 
 
 
 
2.4.3 Star polymers  
Polymer properties are influenced by their structure and topology. Therefore,         
the synthesis of complex macromolecular architectures to control polymer properties 
is an ongoing field of study in polymer science. Branching in polymers is a useful 
structural variable that can be used advantageously to modify polymer physical 
properties and the processing characteristics because of changing the melt, solution, 
and solid-state properties of polymers [13, 181]. It has been shown that branching 
results in a more compact structure in comparison to linear polymers of similar 
molecular weight, due to their high segment density, which affects the crystalline, 
mechanical, and viscoelastic properties of the polymer. A branched polymer 
structure was described as a nonlinear polymer comprised of molecules with more 
than one backbone chain radiating from branch points (junction points; atoms or 
small group from which more than two long chains emanate) [182-186]. Star 
polymers constitute the simplest form of branched macromolecules where all the 
chains as arm segments of one molecule are linked to a centre, which is called the 
core (Figure 2.10).  
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Figure 2.10: Illustration of a star polymer. 
Based on the chemical compositions of the arm species, star polymers can be 
classified into two categories (Figure 2.11): homoarm (or regular) star polymer and 
miktoarm (or heteroarm) star copolymer [185, 187]. Homoarm star polymers consist 
of a symmetric structure comprising radiating arms with similar molecular weight 
and identical chemical composition. In contrast, a miktoarm star molecule contains 
two or more arm species with different chemical compositions and/or molecular 
weights [182]. Star polymers are usually synthesized via one of three common 
trategies: “core-first” by growing arms from a multifunctional initiator, “arm-first” 
by cross-linking preformed linear arm precursors using a divinyl compound and the 
“coupling-onto” method by attaching linear arm precursors onto a multifunctional 
core. These three synthetic strategies are different from each other based on the 
sequence of the formation of the core and the arms [188, 189].  
 
Figure 2.11: Illustration of star polymer categories. 
2.4.3.1 Star polymers by “core-first” method 
The “core-first” method involves the use of a multifunctional initiator (core). The 
number of arms per star polymer is determined by the number of initiating 
functionalities on each initiator (Figure 2.12). There are several requirements that a 
multifunctional initiator has to fulfill in order to produce star polymers with uniform 
arms, low molecular weight distribution, and controllable molecular weights. All the 
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initiation sites must be equally reactive and have the same rate of initiation. 
Furthermore, the initiation rate must be higher than the propagation rate [185]. 
Homoarm star polymers by “core-first” method 
Anionic polymerization [190, 191] has revealed the first examples of homoarm star 
polymers by “core-first” method. For instance, Quirk et al. [192] achieved the 
synthesis of well-defined three arm PS using a trifunctional initiator 1,3,5-tris(1 
phenylethenyl)-benzene (tri-DPE), was prepared by the reaction of 3 moles of s-
BuLi. In addition, Sawamoto et al. [193] managed to carried out the synthesis of 
well-defined tri arm PIBVE star polymer using living cationic polymerization.  
ATRP has emerged as an efficient method for producing star polymers by means of 
“core-first” technique. Several groups [194-197] have shown that well-defined star 
polymers could be prepared by means of ATRP using “core-first” technique. For 
example, Gnanou and co-workers  [198] prepared a novel octafunctional calixarene 
derivative and utilized as a multifunctional initiator for the bulk ATRP of St at 100 
o
C in the presence of CuBr/2,2-bipyridyl, leading to the synthesis of eight-arm star 
polymers. The authors claimed that well-defined stars could be observed only at low 
polymerization conversion (up to 20%) since the irreversible coupling reactions that 
take place at higher concentrations were avoided. NMP was tested for the synthesis 
of three arm PS thanks to a study of Hawker and co-workers [199]. In this study, a 
trifunctional unimolecular initiator with hydrolysible core was prepared and utilized 
for the polymerization of St at higher temperature (reaction 2.52). Analysis of the 
product revealed a molecular weight comparable to that expected from the initiator-
 
Figure 2.12: Illustration of  the synthesis of star and star block copolymers by 
“core-first” method. 
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to-monomer ratio and a narrow polydispersity (ca. 1.10-1.15). These results 
demonstrated that each of the initiating units in the tris-alkoxyamine was active and 
the individual PS arms grow at approximately the same rate with little or no cross-
linking due to radical coupling reactions. 
 
(2.52) 
Miktoarm star polymers by “core-first” method 
Miktoarm star copolymers contain two or more arm species with different chemical 
compositions and/or molecular weights connected to one central core (Figure 2.13) 
[187]. Therefore, miktoarm star molecule combines the features of segmented block 
copolymer, such asmicrophase separation and self-assembly capacity, and the 
features of globular shape and multiple dangling chains within the concept of star 
polymer. Miktoarm star copolymers have shown interesting properties, such as 
microphase separations in bulk [200-202], in solution [203, 204], at interfaces [205], 
and segregated compartmentalization for guest molecule encapsulation [203]. 
 
Figure 2.13: Illustration of the synthesis of miktoarm star polymers by “core-first” 
method. 
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Gnanou and coworkers [206] synthesized AB2 type miktoarm star polymers by 
combination of ATRP and chemical modification of the termini of ATRP derived 
polymers (reaction 2.53). The first step involved the synthesis of ω-bromo PS chains 
by ATRP using ethyl 2-bromoisobutyrate as initiator. Next, the bromo end groups of 
the resulting PS chains were derivatized into twice as many bromoisobutyrates in 
order to obtain ω,ω′-bis(bromo)-PS chains. The last step consisted of growing two 
PtBA blocks by ATRP. This methodology enabled the synthesis of PS(PtBA)2 
miktoarm star polymer with chemically different PS and PtBA arms. Same group 
further performed the selective cleavage of tert-butyl groups from PS(PtBA)2 star 
polymer under acidic conditions. This resulted amphiphilic PS(PAA)2 miktoarm star 
polymer carrying one hydrophobic PS branch and two ionizable poly(acrylic acid) 
(PAA) arms.  
 
 
(2.53) 
Erdogan et al. [207] reported the facile synthesis of AB2 type miktoarm star 
copolymers with PCL and PtBA or PMMA arms by combination of ROP and ATRP 
processes. In this study, they used a novel miktofunctional intiator possessing one 
initiating site for ROP and two initiating sites for ATRP. The successive ROP and 
ATRP processes yielded the desired AB2 miktoarm star polymer. The described 
core-first approach provides another level of control to the synthesis of miktoarm star 
polymers by employing different miktofunctional initiators. Tunca and co-workers 
[208] synthesized miktoarm stars of the AB2C2 type, where A is PS, B PtBA and C is 
PMMA by using the trifunctional initiator. They used a combination of NMP and 
ATRP techniques and a three-step reaction sequence. In the first step, NMP of St 
produced PS macroinitiator with dual ω-bromo functionality in bulk at 125 ºC. This 
precursor was subsequently used as the macroinitiator for ATRP of tBA in the 
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presence of CuBr and PMDETA at 80 ºC, afforded (PS)(PtBA)2 miktoarm star 
polymer. This star was the macroinitiator for the subsequent polymerization of 
MMA, produced (PS)(PtBA)2(PMMA)2 miktoarm star polymer (reaction 2.54). 
 
(2.54) 
ABC miktoarm star terpolymers are molecules composed of three different polymer 
chains emanating from a central junction point. The synthesis of ABC miktoarm star 
terpolymers by combination of three different controlled polymerization methods 
either radical or nonradical provides a fundamentally synthetic methodology. Tunca 
[209]  and Zhao [210] reported independently, in 2004, that a novel trifunctional 
initiator bearing a hydroxy group (for ROP), tertiary bromide (for ATRP) and 
TEMPO (for NMP) could be used in the synthesis of ABC miktoarm star terpolymer 
composed of PCL, PtBA [209] or PMMA [210]and PS arms. 
2.4.3.2 Star polymers by “arm-first” method 
In this method, a living polymer precursor is used as macroinitiator for the 
polymerization of a small amount of a suitable cross-linker, such as ethylene glycol 
dimethacrylate (EGDM) or divinyl benzene (DVB) [189]. Microgel nodules of 
tightly cross-linked polymer are formed upon the polymerization. These nodules 
serve as the branch point from which the arms emanate (Figure 2.14).  
 
Figure 2.14: Illustration of the synthesis of star polymers by “arm-first” method. 
The functionality of the stars prepared by this method can be determined by 
molecular weight measurements on the arms and the star product, but it is very 
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difficult to predict and control the number of arms. The average number of arms 
attached to a star core depends on several experimental parameters, including the 
degree of polymerization (DP) and composition of the arm precursor, the chemical 
nature of cross-linker, the amount of cross-linker. Incomplete incorporation of linear 
arm precursors into the formed star is a common problem in this “arm-first” method, 
which could be explained by the loss of chain-end initiating sites or a buildup of 
steric hindrance around the core, as the coupling reactions proceed[4]. 
Homoarm star polymer by “arm-first” method 
Reacting living polymers synthesized by anionic polymerization with DVB have 
prepared several star polymers. The method has been applied in the past for the 
synthesis of PS [211] and polydiene [212] stars. PS stars having rather narrow MWD 
were obtained when the [DVB]/[PSLi] ratio was varied from 5.5 to 30 and the 
corresponding functionality ranged from 13 to 39. A similar behavior was obtained 
for polydiene stars when the [DVB]/[PDLi] ratio was between 5 and 6.5 and the 
functionality of the star was varied from 9 to 13. 
Sawamoto et al. [213] demonstrated for the first time formation of star shaped 
polymers via living cationic polymerization. In their study, living PIBVE was first 
synthesized using HI/ZnI2 initiating system at -40 
o
C in toluene as illustrated in 
reaction 2.55, which led to a living polymer with a narrow MWD. Star shaped 
PIBVE can be prepared, where the arm number f ranges from 3 to 59 and Mw (star) 
from 2 X l0
4
 to 4 X l0
5
. 
 
(2.55) 
 
The three most popular C/LRP techniques, ATRP, NMP and RAFT polymerization, 
have been employed to the synthesis of star polymers with a cross-linked core by 
cross-linking reactive linear chains using a divinyl cross-linker. The first synthesis of 
star polymers with a cross-linked core by ATRP was reported in 1999 [214]. PS-
based linear macroinitiators containing bromine chain-end functionality were cross-
linked by using various divinyl cross-linkers in anisole at 110 
o
C. The structure of the 
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resulting star polymer could be denoted as (PS)n-polyX, where polyX represents the 
core of the star polymer and n is the average number of PS arms per star molecule. 
The use of DVB led to the formation of star polymers with the best-controlled 
structure, as compared to other cross-linkers, such as ethylene glycol diacrylate 
(EGDA) and EGDMA. A molar ratio of DVB to PS macro initiator between 5 and 15 
was found optimal for the formation of stars with high star yield but the star product 
was contaminated with residual linear chains and exhibited broad MWD due to star–
star coupling reactions. Sawamoto also applied the “arm-first” approach to the 
synthesis of star polymers containing polymethacrylate arms using Ru-based catalyst 
complexes and various divinyl cross-linkers, such as dimethacrylate- and 
dimethacrylamide-based compounds [215-217]. In addition to investigating the 
influence of experimental parameters on the structures of the star polymers, they 
reported the synthesis of functionalized star polymers by introducing various 
functionalities into the star core [218, 219]  and the star periphery [220]. 
NMP, was also applied to the synthesis of star polymers with a cross-linked core by 
the “arm-first” approach. Solomon and coworkers [221] first reported the synthesis 
of poly(4-tert-butylstyrene) star polymers by employing TEMPO as the persistent 
stable radical to mediate the NMP of 4-tert-butylstyrene and subsequent cross-
linking reaction using DVB as cross-linker. In the early stages of NMP, linear PS 
macroinitiator was most frequently used for the synthesis of (PS)n-polyDVB star 
polymers with a cross-linked core due to the lack of powerful nitroxide mediating 
radicals for the polymerization of acrylate and methacrylate monomers. However, 
the optional ratios of PS macroinitiator to DVB for obtaining high star yield 
significantly varied in different reports [222-224] due to their applied conditions. 
With the development of a more active alkoxyamines, Hawker [225, 226] expanded 
utility of NMP to allow the synthesis of a series of star polymers with a cross-linked 
core and a variety of arm compositions by using different monomers. 
Compared to the broad applications of ATRP and NMP for the synthesis of 
functional star polymers using the “arm-first” method, only limited success has been 
obtained with RAFT polymerizations. Moad first proposed the possibility of using 
the “arm-first” method in RAFT polymerization for the synthesis of star polymers 
with a cross-linked core [227]. The first experimental proof of the synthesis of star 
polymers with a cross-linked core by RAFT was reported by Davis and coworkers 
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[228] although the synthesized (PS)n-polyDVB star polymers were poorly controlled 
with low star yield and high polydispersity. 
Miktoarm star polymer by “arm-first” method 
The “in-out” method [223, 228, 229] represents an important strategy for the 
synthesis of miktoarm star copolymers that contain two kinds of arms with different 
chemical compositions tethered onto one cross-linked core. Star polymers, 
synthesized by the “arm-first” method, preserve the dormant initiating sites in the 
cross-linked core and can be used as multifunctional star macroinitiators to initiate 
the polymerization of another monomer and form miktoarm star copolymers. The 
word “in” refers to the “arm-first” method for formation of the star macroinitiator 
and the word “out” represents the subsequent growth of the second generation of 
arms from the multifunctional star core (Figure 2.15). 
 
Figure 2.15: Illustration of the synthesis of miktoarm star polymers by “in-out” 
strategy. 
The “in-out” strategy was first developed for miktoarm star synthesis using anionic 
polymerization. In that case, the number of the second generation of arms was 
assumed to be the same as that of the first arms because the electrostatic repulsions 
between two carbanions prevent termination by coupling [187]. When this “in-out” 
method was extended to C/LRP, the radical–radical coupling becomes an inevitable 
side reaction, decreasing the number of effective initiating sites in the star 
macroinitiator. Moreover, the preserved initiating sites (alkyl halide or alkoxyamine) 
in the star macroinitiator are distributed throughout the highly cross-linked core, 
surrounded by multiple arms. Due to the congested environment, not all of the 
initiating sites embedded in the core are accessible to the catalyst and monomer and 
can participate in the formation of the second generation of arms. This limited 
accessibility of initiating sites is often encountered during C/LRP using a 
multifunctional macroinitiator with a congested structure [230]. This results in an 
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incomplete initiation efficiency of the star macroinitiator during the synthesis of 
miktoarm star polymers using the “in-out” method. Miktoarm star polymers, 
synthesized by the “in-out” method using C/LRP, comprise of various arm 
compositions including PS, polyacrylate and polymethacrylate, depending on the 
choice of monomers. The composition of the first generation of arms, formed before 
the formation of the core of the star macroinitiator can be expanded to include 
polyether and/or polyester, such as PEG  [231] and PCL [232, 233], synthesized by 
ROP and subsequent chain-end modification to introduce C/LRP initiating sites. The 
incorporation of these arms into the final miktoarm star could either improve 
biocompatibility or provide a degradable feature to the miktoarm star product and 
expands their potential applications to include drug delivery vehicles [234]. 
More recently, Gao et al. [235] reported a unique “arm-first” method for the 
synthesis of miktoarm star polymers via one-pot cross-linking of a mixture of linear 
macroinitiators. In this study, two types of linear macroinitiators, polyBA-Br 
macroinitiator and polyMA-Br macroinitiator were concurrently reacted in the 
presence of DVB as cross-linker. It was obtained a miktoarm star product with high 
molecular weight and high star yield. The composition of the arms in the miktoarm 
star product was systematically varied by simply changing the molar ratios of the 
initial macroinitiators (Figure 2.16). 
 
Figure 2.16: Illustration of the synthesis of miktoarm star polymers by concurrently 
incorporation of the two arms.  
2.4.3.1 Star polymers by “coupling-onto” method 
In the “coupling-onto” method a linear polymeric chain (arm), containing a reactive 
end group reacts with a multifunctional coupling agent (core) through the efficient 
organic reactions (Figure 2.17).  
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Figure 2.17: Illustration of the synthesis of star polymers by “coupling-onto” 
method. 
The “coupling-onto” method have developed and widely used in anionic 
polymerization procedures for the synthesis of well-defined star and miktoarm star 
copolymers with various arm compositions and arm numbers, up to 128 [236]. The 
living polymer chain with a terminal carbanion chain end is deactivated via coupling 
with a multifunctional core, such as multifunctional chlorosilane or chloromethyl 
benzene. For instance, Mays et al. [237] showed that the synthesis of four-arm star 
polymers having poly(tert-butyl methacrylate) (PtBuMA), PMMA, and P2VP 
branches employing 1,2,4,5-tetra(bromo methyl) benzene as the linking agent. 
Combined characterization results by GPC and membrane osmometry revealed the 
formation of well-defined star polymers (reaction 2.56). 
 
(2.56) 
One of the most established synthetic strategies for miktoarm star polymers include 
the use of chlorosilane compounds which serve as a linking core, with polymers with 
reactive chain ends synthesized by living anionic polymerization. Iatrou and 
Hadjichristidis [238] accomplished the synthesis of A2B2 (PS2PBd2) type miktoarm 
star copolymers using SiCl4 as linking-agent. Mays et al. [239] pepared A2B stars, 
where A and B were all possible combinations of PS, PI, and PBd. In this work, the 
linking-agent used by the authors was CH3Cl3Si. The synthesis of the ABC (PS-PI-
PBd) miktoarm star terpolymer was accomplished by a method similar to the one 
developed for the synthesis of A2B stars by Hadjichristidis [240]. One notable feature 
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of the chlorosilane method evident from these examples is the necessity of carefully 
reacting the living chain end of a polymer with the Si–Cl bond, for achieving 
controlled addition of a polymer arm onto the chlorosilane compound. This is often 
done by adding the chlorosilane compound in excess to ensure monosubstiution. For 
the creation of miktoarm polymers with more than two types of arms, titration 
becomes necessary for achieving monosubstitution of a single Si-Cl bond in the 
chlorosilane core, assuming a polymer is already attached to the core. In this case, 
titration is done to ensure monosubstitution for two reasons: simpler purifications, 
and for substituting the remaining Si-Cl bonds with a different polymer. 
On the other hand, the direct application of this “coupling-onto” method in C/LRP 
for the synthesis of star polymers was not straightforward. The main problem 
encountered was inefficient coupling reactions between the polymer chains and the 
multifunctional core due to steric congestion around the star core. Undoubtedly, click 
reactions have made a great contribution for the synthesis of star and miktoarm star 
polymers after its development. The first synthesis of star polymers using the 
combination of ATRP and CuAAC click reactions was accomplished by coupling 
azide-terminated PS with compounds bearing multiple alkyne functionalities as 
reported by Gao et al. (reaction 2.57).  
 
(2.57) 
In this study, the coupling agents included a di-, tri-, and tetra-alkyne, to which azide 
terminated PS was attached with 95, 90, and 83% efficiency, respectively [241]. All 
coupling reactions were complete within 3 h. The authors also indicated that the 
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presence of small amount of Cu(0) enhanced the coupling efficiency, and the highest 
product yield was obtained when the molar ratio of azide/alkyne groups was close to 
unity. However, the efficiency of the click reaction decreased with increasing 
molecular weight of the arm precursors, which was probably due to higher steric 
congestion and less precisely balanced stoichiometry between azide and alkyne 
groups. Nevertheless, this “coupling-onto” strategy has proven a versatile method for 
synthesis of numerous star polymers with high star yield. Our group also prepared 
various 3-arm star polymers [242-244] using CuAAC click reaction. The coupling 
efficiencies of these polymers were found similar as compared to Gao‟s work. 
 The first synthesis of ABC miktoarm star terpolymer was achieved by the 
combination of ATRP,NMP, and CuAAC click reaction [245]. In this study, a 
trifunctional miktoinitiator containing ATRP, TEMPO and an alkyne moiety was 
synthesized and used for the ATRP of MMA and NMP of St, respectively. Finally, 
the click coupling reaction was accomplished between azide-terminated PtBA and 
PEG and alkyne mid-functional copolymer (reaction 2.58).  
 
(2.58) 
After this pioneering work, several ABC miktoarm star terpolymers were also 
described in literature [246-249]. Employing a strategy similar to that used in the 
synthesis of ABC miktoarm star terpolymer, the production of ABCD 4-miktoarm 
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star quarterpolymers was accomplished using a combination of ROP, NMP, ATRP, 
and CuAAC click reaction [250]. In this synthesis, a PCL-b-PS copolymer with an 
azide at the junction was a synthesized in a one-pot, two-step reaction; the first step 
involved the growth of PS and PCL from a bifunctional initiator using ROP and 
NMP, respectively; the second step involved transformation of a central reactive 
bromide into an azide. A second block copolymer was made by coupling a 
carboxylic acid-functionalized PEG onto an alkyne functionalized ATRP initiator; 
this PEG-macroinitiator was used to initiate ATRP polymerization of MMA or tBA 
to form PEG-b-PMMA or PEG-b-PtBA with an alkyne at the junction point. To 
obtain the desired ABCD four-miktoarm star polymers, the azide-functionalized 
PCL-b-PS copolymer was reacted with either the alkyne-containing PEG-b-PMMA 
or PEG-b-PtBA in the presence of CuBr and PMDETA to yield PCL-PS-PEG-
PMMA and PCL-PS-PEG-PtBA heteroarm star polymers via CuAAC click reaction 
(reaction 2.59). 
 
(2.59) 
Morover, our group also managed to the synthesis of ABC type miktoarm star 
terpolymer via DA click reaction [251]. In this study, we utilized both “coupling-
onto” and “core-first” methods, respectively. First, MI-PEG was synthesized via an 
esterification reaction, and then DA click reaction was performed between MI-PEG 
and a compound possessing anthracene unit (“coupling-onto”) comprising Br and 
TEMPO functional groups. Thus, obtained macroinitiator was further used for NMP 
of St and ATRP of tBA (“core-first”) successively (reaction 2.60). 
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(2.60) 
 Later, Matyjaszewski and co-workers [252] followed the reverse of our strategy and 
accomplished 3-arm (AB)3 star block copolymer by a combination of “core-first” and 
“coupling-onto” methods. In their strategy, 3-arm star PS (PS-Br)3 with high bromine 
chain-end functionality was synthesized by ATRP using the “core-first” method. 
After complete transformation of the bromo groups to azido groups by nucleophilic 
substitution with sodium azide, the product (PS-N3)3 was further clicked with alkyne-
terminated PEG yielding 3-arm star block copolymer (PS-b-PEG)3 via the “coupling-
onto” method with high coupling efficiency (reaction  2.61). 
 
 
(2.61) 
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More recently, this startegy was further extended for the synthesis of dendrimeric 
type tri-arm (ABC)3 miktoarm star polymer by Altintas et al. [253]. In this study, 
azido-terminated 3-arm star polymers PtBA and PS as core (A) were reacted with the 
copolymers, PS-PCL and PtBA-PEG, comprising alkyne group at the junction as 
peripheral arms (B-C) under click reaction conditions in order to give target (A)3-(B-
C)3 dendrimer-like miktoarm star terpolymers. 
Barner-Kowollik and Stenzel groups [254] reported the synthesis of star polymers by 
the “coupling-onto” technique using a HDA reaction for the conjugation of linear 
polymer chains onto a diene-containing core. The polymeric arms of the star were 
grown by RAFT polymerization of styrene using benzyl (diethoxyphosphoryl) 
dithioformate as a chain transfer agent. The electron-withdrawing nature of the 
diethoxyphosphoryl group activates the thiocarbonyl end group on the PS as a 
reactive heterodienophile. Consequently, it was then used in a DA reaction with 
multidiene coupling agents to yield two-, three-, and four-arm PS polymers with a 
star topology. In addition to cycloaddition reactions, another reaction receiving 
significant attention due to high selectivity and reactivity is the Michael addition of a 
thiol to an alkene.  
Recently, Hoyle et al. [255] reported the convergent synthesis of a 3-arm star 
polymer via thiol-ene click reaction. In this study, a linear homopolymer of 
poly(N,N-diethylacrylamide) (PDEAm) was first synthesized by RAFT using 1-
cyano-1-methylethyldithiobenzoate as the chain transfer agent  followed by reduction 
of the thioester yielded the thiol-terminated polymers. Subsequently, Michael 
addition of the polymer to trimethylolpropane triacrylate was in-situ carried out to 
obtain the desired 3-arm PDEAm star polymer. The authors stressed that the 
coupling reaction was accelerated by using dimethylphenylphosphine (DMPP) as 
catalyst (reaction 2.62). 
 
(2.62) 
  
67 
3.  EXPERIMENTAL WORK 
3.1 Materials  
Styrene (St, 99%, Merck), methyl metacrylate (MMA, 99%, Aldrich) and tert-
butylacrylate (tBA, 99%, Aldrich) were passed through basic alumina column to 
remove inhibitor and then distilled from CaH2 in vacuum prior to use. Furan (99%, 
Aldrich), maleic anhydride (99%, Aldrich), ethanolamine (99.5%, Aldrich), succinic 
anhydride (97%, Aldrich), 9-anthracenemethanol (97%, Aldrich), α-bromoisobutryl 
bromide (98%, Aldrich), triethylamine (Et3N, 99.5%, Aldrich), propargyl alcohol 
(99%, Aldrich), N,N’-dicyclohexylcarbodiimide (DCC, 99%, Aldrich), 4-
dimethylaminopyridine (DMAP, 99%, Aldrich), 4-pentynoic acid (98%, Aldrich), 
1,1,1-tris(4-hydroxyphenyl)ethane (99%, Aldrich), 3-trimethylsilyl-2-propyn-1-ol 
(99%, Aldrich), tin(II)-2-ethylhexanoate (Aldrich, 98%), tributyltinhydride (97%, 
Aldrich), divinylbenzene (DVB, 80%, Aldrich), CuBr (99.9%, Aldrich), and CuCl 
(99.9%, Aldrich) were used as received. N, N, N‟, N”, N”-
pentamethyldiethylenetriamine (PMDETA, 99%, Aldrich) was distilled over NaOH 
prior to use. -Caprolactone (-CL, 99%, Aldrich) was dried over CaH2 and distilled 
in vacuum prior to use. Poly(ethylene glycol) monomethylether (Me-PEG-OH, Mn = 
550, Acros, Mn = 2000 and 5000, Fluka ) were dried by azeotropic distillation with 
anhydrous toluene. Tetrahydrofuran (THF, 99.8%, J.T. Baker) was dried and distilled 
from benzophenone-Na. N,N-dimethylformamide (DMF, 99.8%, Aldrich) was dried 
and distilled under vacuum over CaH2. Dichloromethane (CH2Cl2, 99%, J. T. Baker  
) was dried and distilled over and P2O5. Diethyl ether (99.7%, Aldrich), 1.4-dioxane 
(99.8%, Aldrich), toluene (99.8%, Aldrich), methanol (99.8%, Aldrich) were used 
without further purification. Ethyl acetate (EtOAc) and hexane were in technical 
grade and distilled prior to use.  
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3.2 Instrumentation  
The 
1
H (250 MHz) and 
13
C NMR (62.89 MHz) spectra were recorded on a Bruker 
NMR AC 250 Spectrometer in CDCl3. The conventional Gel Permeation 
Chromatography (GPC) measurements were carried out with an Agilent instrument 
(Model 1100) consisting of a pump, refractive index, and UV detectors. Four Waters 
Styragel columns (HR 5E, HR 4E, HR 3, HR 2), (4.6 mm internal diameter, 300 mm 
length, packed with 5 μm particles) were used in series. The effective molecular 
weight ranges were 2000- 4.000.000, 50-100.000, 500-30.000, and 500–20.000, 
respectively. THF was used as eluent at a flow rate of 0.3 mL/min at 30 °C. Toluene 
was used as an internal standard. The molecular weight of the polymers were 
calculated on the basis of linear PS standards (Polymer Laboratories), whereas linear 
PMMA standards (Polymer Laboratories) were only used for the molecular weight 
determination of the PMMA homopolymer using PL Caliber Software from Polymer 
Laboratories. The second GPC system with an Agilent model isocratic pump, four 
Waters Styragel columns (guard, HR 5E, HR 4, HR 3, and HR 2), a Viscotek TDA 
302 triple detector (RI, dual laser light scattering (LS) (λ = 670 nm, 90° and 7°) and a 
differential pressure viscometer) (TD-GPC) was conducted to measure the absolute 
molecular weights in THF with a flow rate of 0.5 mL/min at 35 °C. All three 
detectors were calibrated with a PS standard having narrow molecular weight 
distribution (Mn = 115,000 g/mol, Mw/Mn = 1.02, [η] = 0.519 dL/g at 35 °C in THF, 
dn/dc = 0.185 mL/g) provided by Viscotek company. Typical sample concentrations 
for GPC-analysis were in the range of 2–8 mg/mL depending on molecular weight of 
analyzed polymers. Data analyses were performed with OmniSec 4.5 software from 
Viscotek Company. 
 DVB conversion was determined using the Agilent 6890N gas chromatograph, 
equipped with an FID detector using a wide-bore capillary column (HP5, 30 m x 
0.32 mm x 0.25μm, J&W Scientific). Injector and detector were kept constant at 280 
and 285 ºC, respectively. Mass spectroscopy was performed on Thermo LCQ-Deca 
ion trap mass instrument. UV spectra were recorded on a Shimadzu UV-1601 
spectrophotometer in CH2Cl2. FT-IR spectra were recorded on a Perkin Elmer FTIR 
Spectrum One B spectrometer. Differential scanning calorimeter (DSC) was 
performed on a Perkin Elmer Diamond DSC with a heating rate of 10 
o
C min
-1
 
under 
nitrogen flow.  
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Dynamic Light Scattering (DLS) measurements were done at 25 
o
C using Malvern 
Nano-S particle size analyzer. For DLS measurements, multiarm star polymers were 
dissolved in CH2Cl2 at a concentration of 10
-1
-10
-3
 mg/mL. Up to 500 measurements 
each having 10 s correlation times were recorded for each sample. The average 
hydrodynamic diameter was determined by fitting a Gaussian curve to the histogram 
of the measured data. After the DLS measurements, the solutions were diluted to 10
-3
 
mg/mL and then spin coated on silicon substrates at 2000 rpm for 1 min for imaging. 
Atomic Force Microscopy (AFM) images were taken by NT-MDT Solver P47 in 
tapping mode. Ultra sharp Si cantilevers having force constant of 48 N/m were used.  
3.3 Synthesis Methods 
4,10-dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1) [113], 4-(2-hydroxyethyl)-10-
oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (2) [113], 2-bromo-2-methyl 
propionic acid 2-(3,5-Dioxo-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-en-4-yl) ethyl 
ester (3) [113], 9-anthyrylmethyl 2-bromo-2-methyl propanoate (5) [256] and 
succinic acid mono-anthracen-9-ylmethyl-ester (6) [257] were prepared according to 
published procedures. 
3.3.1 Synthesis of 4,10-dioxatricyclo[5.2.1.02,6]dec-8-ene-3,5-dione (1) 
Maleic anhydride (60.0 g, 0.6 mol) was suspended in 150 mL of toluene and the 
mixture warmed to 80 °C. Furan (66.8 mL, 0.9 mol) was added via syringe and the 
turbid solution was stirred for 6 h. The mixture was then cooled to ambient 
temperature white solids formed during standing were collected by filtration and 
washed with 2 × 30 mL of petroleum ether and once with diethyl ether (50 mL) 
afforded 1 as white needless. Yield: 80.2 g  (80%). Mp: 114-115 
o
C
 
(DSC). 
1
H NMR 
(CDCl3, δ) 6.57 (s, 2H, CH=CH, bridge protons), 5.45 (s, 2H, -CHO, bridge-head 
protons), 3.17 (s, 2H, CH-CH, bridge protons). 
13
C NMR (CDCl3, δ) 170.18, 137.29, 
82.46, 48.88. Mass spectrometry (+EI) m/z (%): 167 [MH+] (50), 144 (35), 130 (20).  
3.3.2 Synthesis of 4-(2-hydroxyethyl)-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-ene-
3,5-dione (2) 
1 (10.0 g, 60.0 mmol ) was suspended in methanol ( 150 mL ) and the mixture cooled 
to 0 °C. A solution of ethanolamine (3.6 mL, 60 mmol) in 30 mL of methanol was 
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added dropwise (10 min) to the reaction mixture, and the resulting solution was 
stirred for 5 min at 0 °C, then 30 min at ambient temperature, and finally refluxed for 
6 h. After cooling the mixture to ambient temperature, solvent was removed under 
reduced pressure, and residue was dissolved in 150 mL of CH2Cl2 and washed with 3 
× 100 mL of water. The organic layer was separated, dried over Na2SO4 and filtered. 
Removal of the solvent under reduced pressure gave white-off solid which was 
further purified by flash chromatography eluting with ethylacetate (EtOAc) to give 
the product  as a white solid. Yield: 4.9 g (40%). Mp = 138-139 C (DSC). 1H NMR 
(CDCl3, δ) 6.51 (s, 2H, CH=CH, bridge protons), 5.26 (s, 2H, -CHO, bridge-head 
protons), 3.74-3.68 (m, 4H, NCH2CH2OH), 2.88 (s, 2H, CH-CH, bridge protons). 
13
C 
NMR (CDCl3, δ) 177.03, 136.60, 81.09, 60.53, 47.74, 42.03. Mass spectrometry 
(+EI) m/z (%): 210 [MH+] (50), 145 (22), 142 (100), 124 (17). 
3.3.3 Synthesis of 2-bromo-2-methyl-propionic acid 2-(3,5-dioxo-10-oxa-4-
azatricyclo[5.2.1.02,6]dec-8-en-4-yl) ethyl ester (3) 
In a 250 mL of round bottom flask were added 2 (2.0 g, 9.55 mmol) and Et3N (1.44 
mL, 10.54 mmol) in 100 mL of THF. The mixture was cooled to 0 °C, and a solution 
of 2-bromo isobutyryl bromide (2.34 g, 10.0 mmol) in 25 mL of THF was added 
dropwise (30 min) to the reaction mixture. The white suspension was stirred for 3 h 
at 0 °C and subsequently at ambient temperature for overnight. The ammonium salt 
was filtered off and the solvent was removed under reduced pressure to give a pale-
yellow residue that was further purified by column chromatography over silica gel 
eluting with EtOAc /hexane (1:4) to give 3 as a white solid. Yield: 1.86 g (55%). Mp 
= 81-82 C (DSC). 1H NMR (CDCl3, δ) 6.49 (s, 2H, CH=CH, bridge protons), 5.24 
(s, 2H, -CHO, bridge-head protons), 4.31 (t, J = 5.2 Hz, 2H, NCH2CH2OC=O), 3.79 
(t, J =5.2 Hz, 2H, NCH2CH2OC=O), 2.85 (s, 2H, CH-CH, bridge protons), 1.87 (s, 
6H, C(CH3)2-Br). 
13
C NMR (CDCl3, δ) 176.12, 171.55, 136.83, 81.09, 62.36, 55.96, 
47.74, 37.69, 30.83. Mass spectrometry (+EI) m/z (%): 360 [MH+] (100). 
3.3.4 Synthesis of 4-(2-{[(3-acetyl-7-oxabicyclo[2.2.1]hept-yl)carbonyl]amino} 
ethoxy)-4-oxobutanoic acid  (4) 
2 (5 g, 23.9 mmol) was dissolved in 150 mL of 1,4-dioxane. To the reaction mixture 
were added Et3N (16.58 mL, 119.6 mmol), DMAP (4.38 g, 35.8 mmol), and succinic 
anhydride (9.56 g, 95.6 mmol) in that order. The reaction mixture was stirred for 
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overnight at 50 
o
C, then poured into ice-cold water and extracted with CH2Cl2. The 
organic phase was washed with 1 M HCl, dried over Na2SO4 and concentrated. The 
crude product was crystallized from ethanol to give 4 as white crystal. Yield: 5.9 g 
(80%). M.p. = 122-123 
o
C (DSC). 
1
H NMR (CDCl3, δ) 6.50 (s, 2H, CH=CH, bridge 
protons), 5.25 (s, 2H, -CHO, bridge-head protons), 4.25 (t, J = 5.2 Hz, 2H, 
NCH2CH2OC=O), 3.74 (t, J =5.2 Hz, 2H, NCH2CH2OC=O), 2.87 (s, 2H, CH-CH, 
bridge protons), 2.66-2.53 (m, 4H, C=OCH2CH2C=OOH). 
13
C NMR (CDCl3, δ) 
177.26, 176.35, 172.01, 136.83, 81.09, 61.22, 47.74, 37.92, 29.24. Mass 
spectrometry (+EI) m/z (%): 310 [MH+] (100), 242 (100), 142 (18), 124 (13). 
3.3.5 Synthesis of 9-anthyrylmethyl 2-bromo-2-methyl propanoate (5) 
9-Anthracene methanol (1.50 g, 7.18 mmol) and DMAP (0.175 g, 1.44 mmol) were 
dissolved in 50 mL of CH2Cl2, and Et3N (1.2 mL, 8.6 mmol) was added. The 
reaction mixture was then cooled to 0 
o
C. 2-bromo isobutyryl bromide (1.82 g, 7.89 
mmol) was added dropwise within 30 minutes to this solution. The reaction mixture 
was stirred for 15 min. at 0 
o
C then for overnight at room tempeature. The 
ammonium salt was filtered off and the solvent was evaporated under reduced 
pressure. The remaining residue was extracted with CH2Cl2, and saturated aqueous 
NaHCO3. The aqueous phase again extracted with CH2Cl2, and combined organic 
phases dried over Na2SO4. The solution was concantrated, and the crude product was 
purified by column chromatography over silica gel eluting with hexane/EtOAc (10:1) 
to give 5 as yellow solid. Yield: 1.78 g (70%).
 
M.p. = 83-84 
o
C (DSC). 
1
H NMR 
(CDCl3, δ) 8.51 (s, 1H, ArH of anthracene), 8.33 (d, J = 8.7 Hz, 2H, ArH of 
anthracene), 8.03 (d, J = 8.2 Hz, 2H, ArH of anthracene), 7.60-7.45 (m, 4H, ArH of 
anthracene), 6.21 (s, 2H, CH2-anthracene), 1.86 (s, 6H, C(CH3)2-Br). 
13
C NMR 
(CDCl3, δ) 172.01, 131.57, 131.11, 129.29, 129.07, 127.01, 126.05, 125.41, 124.04, 
60.99, 56.19, 30.83. Mass spectrometry (+EI) m/z (%): 358 [MH+] (20), 207 (27), 
191 (100). 
3.3.6 Synthesis of succinic acid mono-anthracen-9-ylmethyl-ester (6)  
9-Anthracene methanol (4.16 g, 20 mmol) was dissolved in 150 mL of CH2Cl2. To 
the reaction mixture were added Et3N (14 ml, 100 mmol), DMAP (2.44 g, 20 mmol) 
and succinic anhydride (8 g, 80 mmol) in that order. The mixture was stirred for 
overnight at room temperature. After that time, the reaction solution was poured into 
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ice-cold water (150 mL), stirred for 30 min. at room temperature before taking into 
seperating funnel. The organic phase was extracted with 1M HCl (150 mL). The 
aqueous phase extracted with CH2Cl2 and combined organic phases dried over 
Na2SO4 and concentrated to give 6 as a green solid. .Yield: 5.85 g (95%). M.p. = 130-
131 
o
C (DSC). 
1
H NMR (CDCl3, δ) 8.50 (s, 1H, ArH of anthracene), 8.32 (d, J = 8.8 
Hz, 2H, ArH of anthracene), 8.02 (d, J = 8.2 Hz, 2H, ArH of anthracene), 7.60-7.45 
(m, 4H, ArH of anthracene), 6.18 (s, 2H, CH2-anthracene), 2.69-2.62 (m, 4H, 
C=OCH2CH2C=OOH).
13
C NMR (CDCl3, δ) 177.72, 172.46, 131.57, 131.35, 129.29, 
129.07, 127.01, 126.05, 125.41, 124.04, 59.39, 29.01. Mass spectrometry (+EI) m/z 
(%): 308 [MH+] (65), 307 (92), 290 (30), 277 (47), 207 (58), 191 (100), 179 (25). 
3.3.7 Synthesis of anthracene end-functionalized PEG (Anth-PEG)  
Me-PEG (Mn= 5000) (1 g, 0.2 mmol) was dissolved in 30 mL of dry CH2Cl2. 6 
(0.185 g, 0.6 mmol) and DMAP (0.002 g, 0.02 mmol) were added to the solution. 
DCC (0.124 g, 0.6 mmol) dissolved in 5 mL of CH2Cl2 was added to the reaction 
mixture and the solution was stirred at room temperature for overnight. After 
filtration off the urea byproduct, the mixture was precipitated into diethyl ether. The 
polymer was dissolved in THF and then precipitated into diethyl ether in order to 
give pure Anth-PEG as a pale yellow solid. Yield: 0.83 g (79%). 1 H NMR (CDCl3, 
δ) 1 H NMR (CDCl3, δ) 8.5 (s, 1H, ArH of anthracene), 8.30 (d, 2H, ArH  of 
anthracene), 8.02 (d, 2H, ArH of anthracene), 7.6-7.45 (m, 4H, ArH), 6.15 (s, 2H, 
CH2-anthracene), 4.14 (t, 2H, PEG-OCH2CH2OC=O), 3.62 (m, 4H, -OCH2CH2 
repeating unit of PEG), 3.35 (s, 3H, PEG-OCH3), 2.63 (4H, C=OCH2CH2C=O). 
3.3.8 Synthesis of maleimide end-functionalized PEG (MI-PEG)  
Me-PEG (Mn  = 550) (2.0 g, 3.63 mmol) was dissolved in 50 mL of CH2Cl2. To the 
reaction mixture were added DMAP (0.044 g, 0.363 mmol) and 4 (2.24 g, 7.27 
mmol) in that order. After stirring 5 min at room temperature, a solution of DCC 
(1.49 g, 7.27 mmol) in 10 mL of CH2Cl2 was added. Reaction mixture was stirred for 
overnight at room temperature. After filtration off the salt, the solution was 
concentrated and the viscous brown color product was purified by column 
chromatography over silica gel eluting with CH2Cl2/EtOAc mixture (1:1, v/v) and 
then with CH2Cl2/methanol (90:10, v/v) to obtain MI-PEG as viscous brown oil. 
Yield: 2.7 g (88%). 
1
H NMR (CDCl3, δ) 6.50 (s, 2H, CH=CH as bridge protons), 
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5.25 (s, 2H, -CHO, bridge-head protons), 4.23 (m, 4H, CH2OC=O), 3.75-3.51 (m, 
OCH2CH2 repeating unit of PEG, C=ONCH2, and CH2-PEG repeating unit), 3.36 (s, 
3H, PEG-OCH3), 2.87 (s, 2H, CH-CH, bridge protons) 2.61-2.56 (m, 4H, 
C=OCH2CH2C=O).  
3.3.9 General procedure for the synthesis of anthracene end-functionalized PS 
(Anth-PS)  
In a 50 mL of Schlenk tube, St (15.0 mL, 130 mmol), PMDETA (0.136 mL, 0.655 
mmol), CuBr (0.0939 g, 0.655 mmol) and  5 (0.234 g, 0.655 mmol) were added and 
the reaction mixture was degassed by three freeze-pump-thaw (FPT) cycles and left 
in vacuum. The tube was then placed in a thermostated oil bath at 110 
o
C for 45 min. 
The dark-green polymerization mixture was diluted with THF, passed through a 
basic alumina column to remove the catalyst, and precipitated into methanol. The 
polymer was dried for 24 h in a vacuum oven at 40 
o
C. 
1
H NMR (CDCl3, δ) 8.45-
7.96 (br, 5H, ArH of anthracene), 7.5-6.2 (br, ArH of anthracene and ArH of PS), 5.8 
(br, 2H, CH2-anthracene), 4.4 (br, 1H, CH(Ph)-Br), 0.6-2.2 (br, aliphatic protons of 
PS). 
3.3.10 General procedure for the synthesis of furan protected maleimide end- 
functionalized PMMA (MI-PMMA)  
In a 25 mL of Schlenk tube, MMA (5.00 mL, 46.7 mmol), PMDETA (0.196 mL, 
0.940 mmol), CuCl (0.093 g, 0.94 mmol), toluene (5 mL), and 3 (0.336 g, 0.940 
mmol) were added, and the reaction mixture was degassed by FPT cycles, and left in 
argon. The tube was then placed in a thermostated oil bath at 40 °C for 
predetermined times. The polymerization mixture was diluted with THF, passed 
through a basic alumina column to remove the catalyst, and precipitated into hexane. 
The polymer was dried for 24 h in a vacuum oven at 40 °C. 
1
H NMR (CDCl3, ) 6.5 
(s, 2H, CH=CH, bridge protons), 5.3 (s, 2H, -CHO, bridge-head protons), 4.1 (m, 
2H, NCH2CH2OC=O), 4.0-3.2 (br, OCH3 of PMMA and NCH2CH2OC=O), 2.9 (s, 
2H, CH-CH, bridge protons), 2.5-0.5 (br, aliphatic protons of PMMA). 
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3.3.11 General procedure for the synthesis of furan protected maleimide end- 
functionalized PtBA (MI-PtBA)  
In a 25 mL of Schlenk tube, tBA (10.0 mL, 68.3 mmol), PMDETA (0.142 mL, 0.680 
mmol), CuBr (0.098 g, 0.68 mmol), ethylene carbonate (0.88 g) and the initiator 3 
(0.024 g, 0.68 mmol) were added, and the reaction mixture was degassed by three 
FPT cycles, and left in argon. The tube was then placed in a thermostated oil bath at 
50 °C for predetermined times. The polymerization mixture was diluted with THF, 
passed through a basic alumina column to remove the catalyst. The excess of THF 
was evaporated under reduced pressure and the mixture was precipitated into cold 
methanol/water (80/20; v/v). After decantation, the polymer was dissolved in 
CH2Cl2, extracted with water and the water phase was again extracted with CH2Cl2, 
and combined organic phase was dried over Na2SO4. Finally, the organic phase was 
evaporated to give MI-PtBA. The polymer was dried for 24 h in a vacuum oven at 40 
°C. 
1
H NMR (CDCl3, )  6.5 (s, 2H, CH=CH bridge protons), 5.2 (s, 2H, -CHO, 
bridge-head protons), 4.3-4.0 (m, NCH2CH2OC=O and CHBr end group of PtBA), 
3.7 (m, 2H, NCH2CH2OC=O), 2.9 (s, 2H, CH-CH, bridge protons), 2.2 (br, CH of 
PtBA), 2.0-1.0 (br, aliphatic protons of PtBA).  
3.3.12 Model Diels-Alder reaction between 3 and 5 (7)  
In a 100 mL of two-necked round bottom flask were added 5 (0.250 g, 0.70  mmol) 
in 50 mL of toluene and 3 (0.276 g, 0.77 mmol). The mixture was bubbled with 
nitrogen for 30 min. at room temperature and then refluxed for 24 h under nitrogen in 
the dark. After that time, solvent was removed in vacuum and the crude product was 
purified by column chromatography over silica gel eluting first with hexane/EtOAc 
(1:4) and then EtOAc to give 7 as a white solid. Yield: 0.44 g (97%). M.p. = 158-159 
o
C (DSC). 
1
H NMR (CDCl3, δ) 7.38-7.19 (m, 12H, ArH of cycloadduct), 5.62 and 
5.44 (dd, J = 11.1 Hz, J = 10.5 Hz, 2H, cycloadduct-CH2OC=O), 4.79 (s, 1H, CH, 
bridge-head proton), 3.65 (t, J = 5.2 Hz, 2H, NCH2CH2OC=O), 3.38-3.33 (m, 4H, 
NCH2CH2OC=O and CH-CH, bridge protons), 1.98 (d, J = 5.2 Hz, 6H, C(CH3)2Br), 
1.86 (s, 6H, C(CH3)2Br). 
13
C NMR (CDCl3, δ) 176.25, 175.01, 171.30, 141.67, 
141.58, 138.65, 138.05, 127.65, 127.34, 127.11, 125.48, 124.45, 123.41, 122.18, 
63.36, 62.12, 55.51, 55.48, 47.88, 45.81, 36.73, 30.95. Mass spectrometry (+EI) m/z 
(%): 648 [MH+] (100). 
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3.3.13 Synthesis of PEG-b-PS copolymer via Diels-Alder click reaction between 
MI-PEG and Anth-PS   
In a 100 mL of two-necked round bottom flask were added Anth-PS (0.30 g, 0.056 
mmol, based on Mn,NMR) and MI-PEG  (0.046 g, 0.061 mmol, based on Mn,NMR) in 
50 mL of toluene. The mixture was bubbled with nitrogen for 30 min. at room 
temperature and then refluxed for 48 h under nitrogen in the dark. After that time, 
toluene was evaporated under high vacuum and the residual solid dissolved in THF, 
and subsequently precipitated into methanol. The polymer was collected by filtration 
and dried for 24 h in a vacuum oven at 40 °C. Yield 0.3 g (88%). 
1
H NMR (CDCl3, 
δ) 7.5-6.3 (ArH of PS and ArH of cyclo adduct), 5.1 (br, 2H, cycloadduct-
CH2OC=O), 4.73 (s, 1H, CH, bridge-head proton), 4.4 (br, 1H, CH(Ph)-Br end group 
of PS), 4.24 (s, 2H, PEG-OCH2CH2OC=O), 3.64 (br, 6H, -OCH2CH2, repeating unit 
of PEG and NCH2CH2OC=O), 3.38 (s, 3H, PEG-OCH3), 3.31 (br, 2H, 
NCH2CH2OC=O), 3.08 (br, 2H, CH-CH, bridge protons), 2.61-2.51 (m, 4H, 
C=OCH2CH2C=O),  2.2-0.6 (aliphatic protons of PS).  
3.3.14 Synthesis of PMMA-b-PS copolymer via Diels-Alder click reaction 
between MI-PMMA and Anth-PS 
In a 100 mL of two-necked round bottom flask were added Anth-PS (0.30 g, 0.056 
mmol, based on Mn,NMR) and MI-PMMA  (0.22 g, 0.061 mmol, based on Mn,NMR) in 
50 mL of toluene. The mixture was bubbled with nitrogen for 30 min. at room 
temperature and then refluxed for 48 h under nitrogen in the dark. After that time, 
toluene was evaporated under high vacuum and the residual solid dissolved in THF, 
and subsequently precipitated into methanol. The polymer was collected by filtration 
and dried for 24 h in a vacuum oven at 40 °C. Yield: 0.45 g (90%). 
1
H NMR (CDCl3, 
δ) 7.5-6.3 (ArH of PS and ArH of cycloadduct), 5.1 (br, 2H, cycloadduct-
CH2OC=O), 4.72 (s, 1H, CH, bridge-head proton), 4.4 (br, 1H, CH(Ph)-Br end group 
of PS), 3.59 (br, OCH3 of PMMA and NCH2CH2OC=O), 3.25 (br, 2H, 
NCH2CH2OC=O), 3.08 (br, 2H, CH-CH, bridge protons), 2.2-0.6 (aliphatic protons 
of PMMA and PS).  
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3.3.15 Synthesis of PtBA-b-PS copolymer via Diels-Alder click reaction between 
MI-PtBA and Anth-PS  
In a 100 mL of two-necked round bottom flask were added Anth-PS (0.30 g, 0.056 
mmol, based on Mn,NMR) and MI-PtBA  (0.23 g, 0.061 mmol, based on Mn,NMR) in 50 
mL of toluene. The mixture was bubbled with nitrogen for 30 min. at room 
temperature and then refluxed for 48 h under nitrogen in the dark. After that time, 
toluene was evaporated under high vacuum and the residual solid dissolved in THF, 
and subsequently precipitated into methanol. The polymer was collected by filtration 
and dried for 24 h in a vacuum oven at 40 °C. Yield: 0.42 g (82%). 
1
H NMR (CDCl3, 
δ) 7.5-6.3 (ArH of PS and ArH of cycloadduct), 5.1 (br, 2H, cycloadduct-
CH2OC=O), 4.72 (s, 1H, CH, bridge-head proton), 4.4 (br, 1H, CH(Ph)-Br end group 
of PS), 4.1 (br, 1H, CH-Br end group of PtBA), 3.45 (br, 2H, NCH2CH2OC=O), 3.26 
(br, 2H, NCH2CH2OC=O), 3.06 (br, 2H, CH-CH, bridge protons), 2.2 (br, CH of 
PtBA), 2.0-0.6 (br, aliphatic protons of PtBA and PS).  
3.3.16 Synthesis of PMMA-b-PEG copolymer via Diels-Alder click reaction 
between MI-PMMA and Anth-PEG  
In a 100 mL of two-necked round bottom flask were added Anth-PEG (0.30 g, 0.06 
mmol, based on Mn,NMR) and MI-PMMA  (0.023 g, 0.066 mmol, based on Mn,NMR) in 
50 mL of toluene. The mixture was bubbled with nitrogen for 30 min. at room 
temperature and then refluxed for 48 h under nitrogen in the dark. After that time, 
toluene was evaporated under high vacuum and the residual solid dissolved in THF, 
and subsequently precipitated into into diethyl ether. The polymer was collected by 
filtration and dried for 24 h in a vacuum oven at 40 °C. Yield 0.48 g (94%). 
1
H NMR 
(CDCl3, δ) 7.4-7.1 (br, 8H, ArH of cycloadduct), 5.5 (br, 2H, cycloadduct-
CH2OC=O), 4.77 (s, 1H, CH, bridge-head proton), 4.19 (s, 2H, PEG-
OCH2CH2OC=O), 3.91-3.4 (br, -OCH2CH2 repeating unit of PEG, OCH3 of PMMA 
and NCH2CH2OC=O), 3.36 (s, 3H, PEG-OCH3), 3.31 (br, 4H, NCH2CH2OC=O and 
CH-CH, bridge protons), 2.74 (s, 4H, C=OCH2CH2C=O),  2.2-0.6 (aliphatic protons 
of PMMA).   
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3.3.17 Synthesis of succinic acid anthracen-9-ylmethyl ester 4-(1,1-bis-{4-[3-
(anthracen-9-ylmethoxycarbonyl)-propionyloxy]-phenyl}-ethyl)-phenyl 
ester (8) 
1,1,1-Tris(4-hydroxyphenyl)ethane (0.750 g, 2.45 mmol) was dissolved in 25 mL of 
dry THF along with 6 (2.49 g 8.08 mmol). DMAP (0.290 g, 2.45 mmol) was then 
added to the reaction mixture. After stirring for 5 min at room temperature DCC 
(1.67 g, 8.08 mmol) dissolved in 5 mL of THF was added to the reaction medium 
and stirred overnight at room temperature. After filtration, it was precipitated into 
methanol and dried in vacuum. This procedure was repeated two times to give pure 8 
as a yellow solid. Yield: 2.3 g (79%). Mp = 115-116 C.  1H NMR (CDCl3, δ) 8.47 
(s, 3H, ArH of anthracene), 8.30 (d, J = 8.6 Hz, 6H, ArH of anthracene), 7.99 (d, J = 
8.2 Hz, 6H, ArH of anthracene), 7.55-7.42 (m, 12H, ArH of anthracene), 6.99 (d, J = 
8.7 Hz, 6H, ArH of phenyl ), 6.84 (d, J = 8.7 Hz, 6H, ArH of phenyl ), 6.18 (s, 6H, 
CH2-anthracene), 2.89-2.74 (m, 12H, C=OCH2CH2C=O), 2.13 (s, 3H,  Ph3CCH3). 
13
C NMR (CDCl3, δ) 172.19, 170.73, 148.87, 146.07, 131.41, 131.11, 129.58, 
129.30, 129.11, 126.73, 125.95, 125.12, 123.88, 120.78, 59.32, 58.39, 51.59, 29.46, 
29.34, 18.42. Mass spectrometry (+EI) m/z (%): 1226 [MH+] (10), 1191 (100), 1175 
(65).  
3.3.18 Synthesis of PEG3 star polymer via Diels-Alder click reaction between 8 
and MI-PEG  
A solution of MI-PEG (0.39 g, 0.14 mmol, based on Mn,NMR, 3.3 equiv.) in 20 mL 
toluene was added to a trianthracene-functionalized linking agent 8 (0.050 g, 0.042 
mmol, 1 equiv.) in 10 mL of toluene. The mixture was bubbled with nitrogen for 30 
min and refluxed for 48 h under nitrogen in the dark. The solvent was removed under 
high vacuum. The remaining solid was dissolved in THF, and subsequently 
precipitated into diethyl ether. The final product was washed with diethyl ether and 
dried for 24 h in a vacuum oven at 40 °C. Yield: 0.32 g (80%). 
1
H NMR (CDCl3, ) 
7.3-6.9 (m, 36H, ArH of cycloadduct), 5.5 (m, 6H, cycloadduct-CH2OC=O), 4.7 (d, 
3H, CH of bridge-head protons),  4.2 (t, 6H, PEG-OCH2CH2OC=O), 4.0-3.5 (br, 
OCH2CH2 repeating unit of PEG and NCH2CH2OC=O), 3.5-3.2 (m, 9H, PEG-OCH3, 
6H, NCH2CH2OC=O and 6H, CH-CH of bridge protons), 3.1-2.8 (m, 12H, 
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C=OCH2CH2C=OOPh), 2.6-2.5 (m, 12H, PEG-C=OCH2CH2C=O), 2.2 (s, 3H, 
Ph3CCH3).  
3.3.19 Synthesis of PMMA3 star polymer via Diels-Alder click reaction between 
8 and MI-PMMA  
A solution of MI-PMMA (0.38 g, 0.14 mmol, based on Mn,NMR, 3.3 equiv.) in 20 mL 
of toluene was added to a trianthracene-functional linking agent 8 (0.050 g, 0.042 
mmol, 1 equiv.) in 10 mL of toluene. The mixture was bubbled with nitrogen for 30 
min and refluxed for 48 h under nitrogen in the dark. The solvent was removed under 
high vacuum. The remaining solid was dissolved in THF then precipitated into 
methanol. The final product was washed with methanol and dried for 24 h in a 
vacuum oven at 40 °C. Yield = 0.28 g (70%). 
1
H NMR (CDCl3, ) 7.4-6.8 (m, 36H, 
ArH of cycloadduct), 5.5 (m, 6H, cycloadduct-CH2OC=O), 4.8 (s, 3H, CH of bridge-
head protons), 3.58 (br, OCH3 of PMMA and NCH2CH2OC=O), 3.28 (br, 12H, 
NCH2CH2OC=O and CH-CH of bridge protons), 3.1-2.8 (m, 12H, 
C=OCH2CH2C=OOPh), 2.2 (s, 3H, Ph3CCH3), 2.0-0.7 (m, aliphatic protons of 
PMMA). 
3.3.20 Synthesis of PtBA3 star polymer via DA click reaction between 8 and MI-
PtBA 
A solution of MI-PtBA (0.50 g, 0.14 mmol, based on Mn,NMR, 3.3 equiv.) in 20 mL 
toluene was added to a trianthracene-functionalized linking agent 8 (0.050 g, 0.042 
mmol, 1 equiv.) in 10 mL of toluene. The mixture was bubbled with nitrogen for 30 
min and refluxed for 48 h under nitrogen in the dark. The solvent was removed under 
high vacuum. The remaining solid was dissolved in THF, and precipitated into 
methanol/water (9:1). The product was finally dried for 24 h in a vacuum oven at 40 
°C. Yield = 0.35 g (68%). 
1
H NMR (CDCl3, ) 7.3-6.8 (m, 36H,  ArH of 
cycloadduct), 5.5 (s, 6H, cycloadduct-CH2OC=O), 4.7 (s, 3H, CH of bridge-head 
protons), 4.1 (m, CH-Br end group of PtBA), 3.46 (br, 6H, NCH2CH2OC=O), 3.26 
(br, 12H,  NCH2CH2OC=O and CH-CH of bridge protons), 3.1-2.8 (m, 12H, 
C=OCH2CH2C=OOPh), 2.2 (br, CH of PtBA), 2.0-1.0 (m, aliphatic protons of 
PtBA). 
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3.3.21 Synthesis of multiarm anthracene end-functionalized (PS)m-polyDVB star 
polymer (Core) 
Anth-PS macroinitiator (0.750 g, 0.132 mmol, based on Mn,TD-GPC), anisole (5.0 mL), 
PMDETA (28 µL, 0.132 mmol), DVB (282 µL, 1.98 mmol), and CuBr (19 mg, 
0.132 mmol) were charged to a Schlenk tube equipped with a magnetic stirrer bar 
under argon atmosphere. The first sample was quickly taken from the reaction 
mixture for GC measurement, before it was degassed by using three FPT cycles. The 
reaction flask was back-filled with argon and immersed in a 110 °C oil bath. At 
timed intervals, samples were taken from the reaction mixture with argon purged-
syringe under positive argon atmosphere. The samples were diluted with THF and 
purified by passing through short neutral alumina column to remove the copper salt 
and then filtered through poly(tetrafluoro ethylene) (PTFE) filter (0.2 μm pore size) 
prior to GC and GPC analyses. The reaction was stopped after 10 h via exposure to 
air. The reaction mixture was diluted with THF, then filtered through a column filled 
with neutral alumina to remove the copper complex and the star polymer was 
precipitated in methanol. The crude product was dissolved in THF and then 
reprecipitated into methanol/diethyl ether mixture (1/2 v/v). Finally, the polymer was 
dried under vacuum at 40 °C for 24 h.
 1
H NMR (CDCl3, δ) 8.41-7.95 (br, ArH of 
anthracene), 7.5-6.5 (br, ArH of PS), 5.8-5.71 (br, CH2-anthracene), 2.5-0.5 (br, 
aliphatic protons of PS)  
3.3.22 Synthesis of multiarm (PtBA)k-(PS)m-polyDVB star block copolymer via 
Diels-Alder click reaction 
A solution of MI-PtBA (0.087 g, 0.0142 mmol, based on Mn,TD-GPC) in 10 mL of 
toluene was added to a 10 mL solution of multiarm anthracene end-functionalized 
(PS)m-polyDVB (0.137 g, 0.684 umol, based on Mn,TD-GPC) star polymer in toluene in 
a Schlenk tube. The mixture was bubbled with nitrogen for 30 min and refluxed for 
48 h at 110 °C in the dark. After a specified time, toluene was evaporated under 
vacuum. The crude product was dissolved in THF and precipitated into methanol. 
This procedure was repeated two times. The obtained white product was dried in a 
vacuum oven at 40 °C for 24 h. 
1
H NMR (CDCl3, δ) 7.5-6.3 (ArH of PS and ArH of 
cycloadduct), 5.33 (br, cycloadduct-CH2OC=O), 4.71 (br, CH, bridge-head proton), 
4.14 (br, CH-Br end group of PtBA), 3.48-3.25 (br, NCH2CH2OC=O, 
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NCH2CH2OC=O and CH-CH, bridge protons), 2.2 (br, CH of PtBA), 2.0-0.6 (br, 
aliphatic protons of PtBA and PS). 
3.3.23 Synthesis of multiarm (PMMA)n-(PS)m-polyDVB star block copolymer 
via Diels-Alder click reaction 
A solution of MI-PMMA (0.114 g, 0.02 mmol, based on Mn,TD-GPC) in 10 mL of 
toluene was added to a 10 mL solution of multiarm anthracene end-functionalized 
(PS)m-polyDVB (0.152 g 0.760 umol, based on Mn,TD-GPC) star polymer in toluene in 
a schlenk tube. The mixture was bubbled with nitrogen for 30 min and refluxed for 
48 h at 110 °C in the dark. After a specified time, toluene was evaporated under 
vacuum. The crude product was dissolved in THF and precipitated into methanol. 
This procedure was repeated two times. The obtained white product was dried in a 
vacuum oven at 40 °C for 24 h. 
1
H NMR (CDCl3, δ) 7.5-6.3 (ArH of PS and ArH of 
cycloadduct), 5.2 (br, cycloadduct-CH2OC=O), 4.72 (br, CH, bridge-head proton), 
3.59 (br, OCH3 of PMMA and NCH2CH2OC=O), 3.26-3.05 (br, NCH2CH2OC=O 
and CH-CH, bridge protons), 2.2-0.6 (aliphatic protons of PMMA and PS).  
3.3.24 Synthesis of benzyl azide (9) 
To a 100 mL of round bottom flask was added benzyl bromide (5 g, 0.029 mol) in 50 
mL of water/acetone (1:4, v/v). NaN3 (2.85 g, 0.043 mol) was added in one portion 
to the reaction and the mixture was sitirred at 60 
o
C for overnight. After acetone was 
removed, remaining liquid dissolved in CH2Cl2 and extracted with water. The 
aqueous layer was extracted with CH2Cl2 (50 mL) and combined organic layers were 
dried over Na2SO4. Solvent was removed under vacuum and benzyl azide was 
obtained as a pale yellow oil. Yield: 3.75 g (97%). 
1
H NMR (CDCl3, δ) 7.5-7.2 (m, 
5H, ArH), 4.35 (s, 2H, Ph-CH2-N3). 
13
C NMR (CDCl3, δ) 135.59, 129.03, 128.48, 
128.42, 55.05. Mass spectrometry (+EI) m/z (%): 134 [MH+] (60), 106 (35), 91 
(100). 
3.3.25 Synthesis of succinic acid anthracen-9-ylmethyl ester prop-2-ynyl ester 
(10)  
Propargyl alcohol (0.545 g, 9.74 mmol, 1.5 equiv), DMAP (0.396 g, 3.25 mmol, 0.5 
equiv) and 6 (2.00 g, 6.49 mmol, 1 equiv) were dissolved in 30 mL of dry CH2Cl2. 
After stirring 5 min at room temperature, DCC (2.00 g, 9.74 mmol, 1.5 equiv) 
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dissolved in 15 mL of CH2Cl2 was added to the reaction mixture. The reaction 
mixture was stirred overnight at room temperature. After filtering off the urea 
byproduct, the solvent was removed and the remaining product was extracted with 
CH2Cl2 and water. The aqueous phase was again extracted with CH2Cl2 and 
combined organic phase was dried with Na2SO4. The solution was concentrated and 
the crude product was purified by column chromatography over silica gel eluting 
with EtOAc/hexane (1:2) to give 10 as a yellow solid. Yield: 1.9 g (85%). Mp = 77-
78 C.  1H NMR (CDCl3, δ) 8.51 (s, 1H, ArH of anthracene), 8.31 (d, J = 8.8 Hz, 2H, 
ArH of anthracene), 8.03 (d, J = 8.3 Hz, 2H, ArH of anthracene), 7.60-7.45 (m, 4H, 
ArH of anthracene), 6.16 (s, 2H, CH2-anthracene), 4.61 (d, J = 2.4 Hz, 2H, 
CHCCH2O), 2.67 (s, 4H, C=OCH2CH2C=O), 2.44 (t, J = 2.4 Hz, 1H,  
CHCCH2O). 
13
C NMR (CDCl3, δ) 172.39, 171.65, 131.44, 131.11, 129.21, 129.07, 
126.65, 126.05, 125.08, 123.92, 75.16, 59.27, 52.54, 29.11, 29.01. Mass 
spectrometry (+EI) m/z (%): 346 [MH+] (10), 293 (30), 279 (20), 251 (10), 225 
(100), 221 (20), 207 (75). 
3.3.26 Synthesis of PS with α-anthracene and ω-azide (Anth-PS-N3) 
Previously obtained PS-α-anthracene-ω-bromide (2 g, 0.3 mmol, based on Mn,GPC) 
was dissolved in DMF (20 mL) and NaN3 (0.39 g, 6.0 mmol) was added. After 
stirring the reaction mixture for overnight at room temperature, the solution was 
precipitated into excess amount of methanol. This procedure was repeated two times. 
Anth-PS-N3 was dried for 24 h in a vacuum oven at 40 
o
C. Yield: 1.9 g (95%). 
1
H 
NMR (CDCl3, δ) 8.4- 7.9 (br, 5H, ArH of anthracene), 7.5 (br, 4H, ArH of 
anthracene), 7.5-6.5 (br, ArH of PS), 5.8 (br, 2H, CH2-anthracene), 3.9 (br, 1H, 
CH(Ph)-N3), 0.6-2.2 (aliphatic protons). 
3.3.27 Synthesis of alkyne end-functionalized PEG (Alkyne-PEG) 
Me-PEG (Mn = 2000) (2 g, 1 mmol) was dissolved in 25 mL of CH2Cl2 . 4-Pentynoic 
acid (0.294 g, 3.00 mmol) and DMAP (0.12 g, 1.0 mmol) was added successively. 
DCC (0.62 g, 3.0 mmol) was dissolved in 5 mL of CH2Cl2 was added to the solution 
in one portion. The reaction mixture was stirred overnight at room temperature. It 
was filtered, evaporated and the remaining product was dissolved in THF and 
precipitated into diethyl ether. This procedure was repeated two times. Finally, the 
polymer was dried for 24 h in a vacuum oven at 40 
o
C. Yield: 1.9 g (90%). 
1
H NMR 
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(CDCl3, δ) 4.25 (t, 2H, PEG-OCH2CH2OC=O), 3.89 (t, 2H, PEG-OCH2CH2OC=O), 
3.67-3.62 (m, 4H, -OCH2CH2, repeating unit of PEG), 3.54 (t, 2H, CH3O-CH2CH2-
O), 3.36 (s, 3H, PEG-OCH3). 2.56-2.48 (m, 4H, CHCCH2CH2C=O), 1.97 (t, 1H, 
CHCCH2CH2C=O). 
3.3.28 Synthesis of alkyne end-functionalized PCL (Alkyne-PCL) 
Alkyne-PCL was prepared by ROP of -CL (5.0 mL, 0.047 mol) in bulk using 
tin(II)-2-ethylhexanoate as a catalyst and propargyl alcohol (0.056 mL, 0.94 mmol) 
as an initiator at 110 °C for 28 h., The degassed monomer, catalyst, and initiator 
were added to a previously flamed schlenk tube equipped with a magnetic stirring 
bar in the order mentioned. The tube was degassed with three FPT, left in argon, and 
placed in a thermostated oil bath. After the polymerization, the mixture was diluted 
with THF, and precipitated into an excess amount of cold methanol. It was isolated 
by filtration and dried at 40 
o
C in a vacuum oven for 24 h. 
1
H NMR (CDCl3, δ) 4.65 
(s, 2H, CHC-CH2O), 4.0 (t, 2H, CH2OC=O of PCL), 3.62 (t, 2H, CH2OH, end-
group of PCL), 2.45 (t, 1H, CHC-CH2O), 2.3 (t, 2H, C=OCH2 of PCL), 1.2-1.8 (m, 
6H, CH2 of PCL).  
3.3.29 One-pot synthesis of model compound (11) 
In a 25 mL of Schlenk tube were added 10 (0.32 g, 0.94 mmol), 2 (0.216 g, 1.03 
mmol) and 9 (0.137 g, 1.03 mmol) in 10 mL of DMF. The mixture was stirred for 5 
min. at room temperature, then CuBr (0.013 g, 0.094 mmol) and PMDETA (0.20 
mL, 0.188 mmol) were added, and the reaction mixture was degassed by FPT cycles, 
and left in argon. The tube was then placed in a thermostated oil bath at 120 °C for 
24 h. DMF was removed under high vacuum and the remaining residue was 
dissolved in THF and passed through alumina column to remove copper salt. The 
solution was concentrated and the crude product was purified by column 
chromatography over silica gel eluting first with EtOAc/hexane (1:2) then EtOAc to 
give the product  as a white solid. Yield: 0.47 g (81%). M.p. = 181-182 
o
C (DSC). 
1
H 
NMR (CDCl3, δ) 7.51 (s, 1H, CH of triazole), 7.39-7.12 (m, 17H, ArH of benzyl and 
cycloadduct), 5.54-5.39 (m, 4H,  cycloadduct-CH2OC=O and triazole- CH2OC=O), 
5.13 (s, 2H, Ph-CH2-triazole), 4.7 (s, 1H, -CH, bridge-head proton), 3.30-3.25 (m, 
4H, NCH2CH2OH), 3.08-3.04 (m, 2H, CH-CH, bridge protons), 2.75-2.66 (m, 4H, 
triazole-CH2OC=OCH2CH2C=O) 1.66 (br, 1H, NCH2CH2OH).
 13
C NMR (CDCl3, δ) 
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176.85, 175.83, 171.85, 143.04, 141.67, 141.40, 139.02, 138.45, 134.38, 129.15, 
128.83, 128.12, 127.11, 126.91, 126.83, 125.40, 124.15, 123.58, 123.10, 122.17, 
62.00, 60.04, 57.91, 54.25, 47.69, 46.17, 45.78, 41.34, 29.23, 29.11. Mass 
spectrometry (+EI) m/z (%): 621 [MH+] (100). 
3.3.30 One-pot synthesis of PMMA-b-PS-b-PEG triblock terpolymer via in-situ 
CuAAC and Diels-Alder click reactions 
MI-PMMA (0.067 g, 0.025 mmol, based on Mn,NMR), Anth-PS-N3 (0.15 g, 0.022 
mmol, based on Mn,NMR), and Alkyne-PEG (0.058 g, 0.025 mmol, based on Mn,NMR) 
were dissolved in nitrogen-purged DMF (5 mL) in a schlenk tube. CuBr (0.004 g, 
0.03 mmol) and PMDETA (0.006 mL, 0.03 mmol) were added and the reaction 
mixture was degassed by three FPT cycles and left in argon and stirred at 120 
o
C for 
48 h.  Polymer solution was passed through alumina column to remove copper salt, 
precipitated into methanol and dried in a vacuum oven at 40 
o
C. Yield = 0.22 g 
(85%). 
1
H NMR (CDCl3, δ) 7.5-6.3 (br, Ar-H of PS), 5.2-4.9 (br, 3H, cycloadduct-
CH2OC=O and CH(Ph)-triazole), 4.7 (s, 1H, CH, bridge-head proton), 4.2 (br, 2H, 
C=OOCH2CH2O, end group of PEG), 3.9 (br, 2H, C=OOCH2CH2N), 3.7-3.5 (br, 
OCH2CH2O, repeating unit of PEG and OCH3 of PMMA), 3.4 (s, 3H, OCH3 end 
group of PEG), 3.3 (br, 4H, CH-CH, bridge protons of cycloadduct and CH2-N), 2.6 ( 
triazole-CH2CH2C=O), 2.2-0.6 (aliphatic protons of PS and PMMA).  
3.3.31 One-pot synthesis of PMMA-b-PS-b-PCL triblock terpolymer via in-situ 
CuAAC and Diels-Alder click reactions 
MI-PMMA (0.067 g, 0.025 mmol, based on Mn,NMR), Anth-PS-N3 (0.15 g, 0.022 
mmol, based on Mn,NMR), and Alkyne-PCL (0.092 g, 0.022 mmol, based on Mn,NMR) 
were dissolved in nitrogen-purged DMF (5 mL) in a schlenk tube. CuBr (0.004 g, 
0.03 mmol) and PMDETA (0.006 mL , 0.03 mmol) were added to the reaction 
mixture. It was degassed by three freeze-pump-thaw cycles and left in argon and 
stirred at 120 
o
C for 48 h.  Polymer solution was passed through alumina column to 
remove copper salt, precipitated into methanol and dried in vacuum oven at 40 
o
C. 
Yield = 0.27 g (90%). 
1
H NMR (CDCl3, δ) 6.5-7.5 (Ar-H of PS), 5.2-4.9 
(cycloadduct-CH2OC=O, CH(Ph)-triazole,  and triazole-CH2OC=O), 4.7 (CH, 
bridge-head proton), 4.1-3.9 (CH2CH2CH2CH2CH2OC=O, repeating unit of PCL), 
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3.6-3.5 (OCH3 of PMMA), 3.3 (CH-CH, bridge protons of cycloadduct and CH2-N), 
2.3-2.2 (C=OCH2CH2CH2CH2CH2O), 0.6-2.2 (aliphatic protons). 
3.3.32 Synthesis of 3-(1,1,1-trimethylsilyl)-2-propynyl 2-bromo-2-
methylpropanoate (12) 
A solution of 2-bromoisobutyryl bromide (2.15 g, 9.37 mmol) in CH2Cl2 (20 mL) 
was added dropwise to a solution of 3-trimethylsilyl-2-propyn-1-ol (1.00 g, 7.81 
mmol) and triethylamine (1.14 mL, 9.37 mmol) in CH2Cl2 (40 mL) at 0 
o
C. After 
complete addition, the reaction mixture was allowed to stir for 1 hour at 0 
o
C then for 
overnight at room temperature. The formed triethylammonium bromide was filtered 
off and the solvent was removed in vacuum. The crude product was dissolved in 
CH2Cl2 and washed two times with a saturated aqueous NaHCO3 and two times with 
distilled water (100 mL). The organic layer was dried with magnesium sulfate and 
solvent was removed in vacuum, afforded a yellow oil which was further purified by 
flash chromatography over silica gel eluting with hexane/EtOAc (9:1, v/v). The 
product was isolated as colorless oil. Yield: 1.65 g, (76%). 
1
H NMR (CDCl3, δ) 4.75 
(s, 2H, Si(CH3)3C≡−CH2-O), 1.96 (s, 6H, C(CH3)2-Br), 0.17 (s, 9H, 
Si(CH3)3C≡−CH2-O). 
13
C NMR (CDCl3, δ) 171.09, 98.45, 92.97, 56.15, 55.28, 
30.83. Mass spectrometry (+EI) m/z (%): 279 [MH+] (45), 256 (15). 
3.3.33 Synthesis of linear α-silyl protected alkyne polystyrene (α-silyl-alkyne-PS)  
St (40.0 mL, 349 mmol), PMDETA (0.365 mL, 1.745 mmol), CuBr (0.250 g, 1.745 
mmol), and 12 (0.485 g, 1.745 mmol) were added to a 50 mL of schlenk tube and the 
reaction mixture was degassed by three FPT cycles and left in vacuum and placed in 
a thermostated oil bath at 110 
o
C for 45 min. After the specified time, the 
polymerization mixture was diluted with THF, passed through a column of neutral 
alumina to remove catalyst and precipitated into methanol. The polymer was dried in 
a vacuum oven at 40 °C. 
1
H NMR (CDCl3, δ) 7.5-6.5 (br, ArH of PS), 4.4 (br, 1H, 
CH(Ph)Br), 4.1 (m, 2H, HC≡CCH2O), 2.0-0.9 (br, aliphatic protons of PS), 0.17 (s, 
9H, (CH3)3Si-).  
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3.3.34 Synthesis of linear α-anthracene-ω-azide functionalized PMMA (Anth-
PMMA-N3)  
MMA (20 mL, 175 mmol), PMDETA (0.182 mL, 0.87 mmol), CuCl (0.086 g, 0.87 
mmol), and the initiator 5 (0.312 g, 0.87 mmol) were added in a 25 mL of schlenk 
tube and the reaction mixture was degassed by three FPT cycles, and left in vacuum. 
The tube was placed in a thermostated oil bath at 90 
o
C for 25 min. After that time, 
dark-green polymerization mixture was diluted with THF, passed through a basic 
alumina column to remove the catalyst, and precipitated in hexane. The polymer was 
dried for 24 h in a vacuum oven at 40 °C. 
1
H NMR (CDCl3, δ) 8.5 (s, 1H, ArH of 
anthracene), 8.3 (d, 2H, ArH of anthracene), 8.0 (s, 2H, ArH of anthracene), 7.5 (m, 
4H, ArH of anthracene),  6.1 (m, 2H, CH2-anthracene), 3.58 (OCH3 of PMMA), 2.1-
0.6 (aliphatic protons of PMMA). 
Thus obtained linear Anth-PMMA-N3 (2.0 g, 0.49 mmol, based on Mn,GPC) was 
dissolved in DMF (20 mL) and NaN3 (0.64 g, 9.76 mmol) was added to the solution. 
The reaction mixture was stirred at room temperature overnight. CH2Cl2 and water 
were added to the mixture and the organic layer was extracted with water three times 
and dried over Na2SO4. Excess CH2Cl2 was evaporated under reduced pressure and 
the remaining solution was precipitated into hexane. The polymer was obtained after 
drying in a vacuum oven for 24 h at 40 
o
C. Yield: 1.9 g (95%).  
3.3.35 Synthesis of multiarm (Alkyne-PS)m-polyDVB star polymer  
-silyl-alkyne-PS macroinitiator (2.00 g, 0.296 mmol, based on Mn,GPC), DVB (0.633 
mL, 4.44 mmol), PMDETA (0.062 mL, 0.296 mmol), CuBr (0.042 g, 0.296 mmol) 
and anisole (12.0 mL) were charged to a schlenk tube equipped with a magnetic 
stirrer bar under argon atmosphere. The first sample was quickly taken from the 
reaction mixture for GC measurement, before the reaction mixture was degassed by 
using three FPT cycles. The reaction flask was back-filled with argon and immersed 
in oil bath at 110 
o
C. At time intervals, the samples were taken from the reaction 
mixture with argon purged-syringe under positive argon atmosphere and then diluted 
with THF, purified by passing through short neutral alumina column to remove the 
copper salt and filtered through PTFE filter (0.2 μm pore size) prior to GC and GPC 
analyses. After 12 h at 90 % of DVB conversion, the reaction was stopped via 
exposure to air. The polymerization mixture was diluted with THF, filtered through a 
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column filled with neutral alumina to remove the copper complex and the star 
polymer was precipitated in methanol. The crude product was dissolved in THF, 
precipitated into methanol/diethyl ether (1/2; v/v) and dried under vacuum at 40 
o
C 
for 24 h.  
The silyl group of multiarm (-silyl-alkyne-PS)n-polyDVB  star homopolymer (1.00 
g, 4.06 μmol) was deprotected by using TBAF (0.2 mL, 0.2 mmol) in THF (20 mL) . 
The reaction mixture was stirred for 2 h at room temperature and precipitated in 
methanol. The recovered polymer was dried under vacuum at 40 
o
C for 24 h. 
1
H 
NMR (CDCl3, δ) 7.5-6.5 (br, ArH of PS), 4.05 (br, HC≡CCH2O), 2.0-0.9 (br, 
aliphatic protons of PS), 0.17 (br, (CH3)3Si-).  
3.3.36 Synthesis of multiarm (PMMA)n-(PS)m-polyDVB star diblock copolymer 
via CuAAC click reaction  
The multiarm (Alkyne-PS)m-polyDVB star polymer (0.8 g, 0.0036 mmol, based on 
Mw,TD-GPC), Anth-PMMA-N3 (1.10 g, 0.27 mmol, based on Mn,NMR), PMDETA 
(0.054 mL, 0.26 mmol), CuBr (0.037 g, 0.26 mmol) and DMF (8 mL) were added 
into a 25 mL of schlenk tube. The reaction mixture was degassed by three FPT 
cycles, left in vacuum and stirred for 24 h at room temperature. After that time, 
solution was diluted with THF, and then filtered through a column filled with neutral 
alumina to remove the copper complex and precipitated into methanol. After three 
dissolution-filtration-precipitation procedure, polymer was dried in a vacuum oven at 
40 °C for 24 h. 
1
H NMR (CDCl3, δ) 8.52 (s, ArH of anthracene), 8.32 (d, ArH of 
anthracene), 8.06 (b, 2H, ArH of anthracene), 7.5 (m, ArH of anthracene and CH of 
triazole), 7.3-6.5 (br, ArH of PS), 6.1 (br, CH2-anthracene), 5.3 (br, triazole-
CH2OC=O), 3.59 (OCH3 of PMMA), 2.4-0.6 (aliphatic protons of PS and PMMA). 
3.3.37 Synthesis of multiarm (PtBA)k-(PMMA)n-(PS)m-polyDVB star triblock 
terpolymer via Diels-Alder click reaction  
A solution of PtBA-MI (0.086 g, 0.015 mmol, based on Mn,NMR) in 10 mL of toluene 
was added to a 10 mL toluene solution of multiarm (PMMA)n-(PS)m-polyDVB (0.2 g 
0.49 µmol, based on Mw,TD-GPC) star diblock copolymer in a schlenk tube. The 
mixture was bubbled with nitrogen for 30 min and refluxed for 48 h at 110 °C in the 
dark. After the specified time, toluene was evaporated under vacuum and the crude 
product was dissolved in THF and precipitated into methanol. After two dissolution-
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precipitation cycles, obtained white product was dried in a vacuum oven at 40 °C for 
24 h.  
1
H NMR (CDCl3, δ) 7.3-6.5 (br, ArH of PS), 3.59 (br,OCH3 of PMMA), 2.22 
(br, CH of PtBA), 2.0-0.6 (br, aliphatic protons of PtBA, PMMA and PS). 
3.3.38 Synthesis of multiarm (PEG)p-(PMMA)n-(PS)m-polyDVB star triblock 
terpolymer via DA click reaction  
A solution of PEG-MI (0.01 g, 0.015 mmol, based on Mn,NMR) in 12 mL of toluene 
was added to a 10 mL toluene solution of multiarm (PMMA)n-(PS)m-polyDVB (0.2 g 
0.49 mol, based on Mw,TD-GPC) star diblock copolymer in a schlenk tube. The 
mixture was bubbled with nitrogen for 30 min and refluxed for 48 h at 110 °C in the 
dark. After that time toluene was evaporated under vacuum and the crude product 
was dissolved in THF and precipitated into methanol. After two dissolution-
precipitation cycles, obtained white product was dried in a vacuum oven at 40 °C for 
24 h. 
1
H NMR (CDCl3, δ) 7.3-6.5 (br, ArH of PS), 3.7-3.5 (br, OCH3 of PMMA and 
OCH2CH2 repeating unit of PEG), 2.0-0.6 (br, aliphatic protons of PMMA and PS). 
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4.  RESULTS AND DISCUSSION 
The synthesis of polymers with well-defined compositions, architectures, and 
functionalities has long been of great interest in polymer chemistry. Typically, living 
ionic polymerization techniques have been employed where the polymerizations 
proceed in the absence of irreversible chain transfer and chain termination [14, 15]. 
The development of C/LRP methods has been a long-standing goal in polymer 
chemistry, since a radical process is more tolerant of functional groups and 
impurities and is the leading industrial method to produce polymers.
 
Recent advances 
in C/LRP techniques have facilitated access to polymers with complex architectures, 
and precisely positioned functional groups [1, 3].  
Polymer-polymer conjugation is often the only viable means to prepare complex 
chain topologies with the assist of efficient synthetic organic chemistry. Click 
reactions, as coined by Sharpless [11], are highly efficient and specific reactions, 
have emerged as a powerful tool for polymer chemists in order to build such 
architectures. In fact, CuAAC click reaction has drawn a particular interest for this 
purpose and extensively been used either in synthetic organic chemistry or in 
polymer chemistry. In addition, our group‟s recent studies have proved that the DA 
reactions are also the convenient way to prepare polymers with well-defined 
topologies (vide infra). Undoubtedly, DA reactions have many attractive features for 
polymer chemists, but the unique one is its thermo responsive behavior. This feature 
has been utilized in polymer science as a method for producing reversible cross-
linked gels [258-264], polymers featuring self-healing abilities [265-271], 
dendrimers [272-274], and even as a polymerization technique itself [275-280]. 
However, the utilization of DA reaction by the combination of C/LRP methods for 
polymer-polymer conjugation remained as a virgin area until our works. The reason 
behind this fact lies in the radical sensitivity of the double bonds of both dienes and 
dienophiles. Therefore, radicals produced in C/LRP inevitably add to these bonds. In 
order to prevent such an addition, protection-deprotection methods have been 
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developed and utilized particularly for bioconjugation of the well-defined polymers 
[113, 281, 282].  
The strategy that we followed during this thesis is based on a DA reaction between 
anthracene and maleimide end-functionalized polymers. The whole synthetic 
pathways during this thesis can be summarized as in reaction 4.1.            
 
(4.1) 
First, furan protected maleimide and anthracene end-functionalized polymers are 
prepared by ATRP. Then protected maleimide end-functionalized prepolymers are 
deprotected by retro Diels-Alder (r-DA) by heating at 110 
o
C in toluene. The 
recovered maleimide groups are added irreversibly to anthryl functional polymers in 
situ to undergo the DA  reaction in order to obtain anthracene-maleimide adduct. The 
first three topics of the thesis cover the synthesis of block copolymers, tri-arm star 
polymers and multiarm star block copolymers via DA click reaction. In addition to 
DA click reaction, the combination of double click reactions, DA and CuAAC, were 
the first time utilized by our group and proved to be a suitable reaction for polymer-
polymer conjugation as well. From this point of view, last two parts include the 
double click reactions approach, both one-pot and sequential. Former was used for 
the synthesis of ABC type triblock terpolymers; latter was used for multiarm star 
triblock terpolymers. 
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4.1 Synthesis of Block Copolymers via Diels-Alder Click Reaction 
The initiators with proper functionalities for DA reaction were first prepared. 2-
bromo-2-methyl-propionic acid 2-(3,5-dioxo-10-oxa-4-azatricyclo[5.2.1.02,6]dec-8-
en-4-yl) ethyl ester (3) was first synthesized within three steps. Furan and maleic 
anhydride were reacted in toluen at 80 
o
C, then the formed adduct (1) (reaction 4.2), 
was utilized for the synthesis of 2 by adding the solution 2-amino ethanol in 
methanol into dispersion of 1 in methanol (reaction 4.3). Finally, 3, was obtained via 
an esterification reaction between 2 and 2-bromoisobutryl bromide in THF at room 
temperature (reaction 4.4).  
 
 
(4.2) 
 
 
 
 
(4.3) 
 
 
 
(4.4) 
From overlay 
1
H NMR spectra (Figure 4.1) of 3, it was clearly seen that the methyl 
protons next to Br were detected at 1.87 ppm and the methylene protons next to the 
ester unit at 4.31 ppm. Moreover, the characteristic protons of the adduct were also 
detected at 6.49 ppm (bridge vinyl protons), 5.24 ppm (bridge-head protons) and 
2.85 ppm (bridge protons) respectively. These results confirmed that the synthesis of 
3 was achived.  
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Figure 4.1:  1H NMR spectra of: a) 3-acetyl-N-(2-hydroxyethyl)-7-
oxabicyclo[2.2.1]hept-5-ene-2-carboxylic acid (1); b) 3-acetyl-N-(2-
hydroxyethyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxamide (2); c) 
2-bromo-2- methyl-propionic acid 2-(3,5-dioxo-10-oxa-4-
azatricyclo[5.2.1.02,6]dec-8-en-4-yl) ethyl ester (3) (c) in CDCl3. 
In addition, 9-anthyrylmethyl 2-bromo-2-methyl propanoate (5) (reaction 4.5), was 
synthesized by a similar way as described for 3.  
 
 
 
(4.5) 
Along with anthracene protons between 8.51 and 7.45 ppm, from 
1
H NMR spectrum 
(Figure 4.2), methylene protons adjacent to the anthracene and methyl protons next 
to Br were detected at 6.21 ppm and 1.86 ppm, respectively. These results confirmed 
that 5 was successfully obtained.  
 
Figure 4.2:  1H NMR spectrum of 9-anthyrylmethyl 2-bromo-2-methyl propanoate 
(5) in CDCl3.  
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The hydoxyl functionality of 2 was converted to carboxylic acid via a reaction with 
succinic anhydride in the presence of Et3N/DMAP catalyst system and 1,4-dioxane 
as solvent in order to give 4 (reaction 4.6).  
 
 
(4.6) 
From 
1
H NMR spectrum (Figure 4.3) of 4, methylene protons next to the ester 
(NCH2CH2OC=O) and methylene protons adjacent to nitrogen (NCH2CH2OC=O)  
appeared at 4.25 ppm and 3.74 ppm respectively. Moreover, the multiplet peaks 
around 2.66-2.53 ppm confirmed successful conversion of hydroxyl group to 
carboxylic acid.  
 
Figure 4.3:  1H NMR spectrum of 4-(2-{[(3-acetyl-7-oxabicyclo[2.2.1]hept-
yl)carbonyl]amino}ethoxy)-4-oxobutanoic acid  (4) in CDCl3. 
A similar procedure was applied to the synthesis of 6. In this case, 9-anthracene 
methanol was used as starting meterial (reaction 4.7).  
 
 
 
(4.7) 
Again, the structure was confirmed by 
1
H NMR spectrum (Figure 4.4). A shift from 
5.6 ppm to 6.18 ppm of methylene protons linked to anthracene ring due to 
esterification reaction and multiplet peaks around 2.69-2.62 ppm aasigned to 
C=OCH2CH2OC=O clearly indicated that 6 was achieved. 
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Figure 4.4:  1H NMR spectrum of succinic acid mono-anthracen-9-ylmethyl-ester 
(6) in CDCl3. 
Before ATRP of the precursor polymers, condensation reactions of PEG precursors 
were carried out. First, Anth-PEG was obtained via an esterification reaction between 
Me-PEG (Mn=5000) and excess amount of 6 in the presence of DCC as a coupling 
agent and DMAP as a catalyst (reaction 4.8).  
 
(4.8) 
From 
1
HNMR spectrum of Anth-PEG (Mn=5000), the ring protons at 8.5-7.45 ppm, 
methylene protons linked to the ring at 6.15 ppm and the end group methylene 
protons of PEG (PEG-OCH2CH2OC=O) at 4.14 ppm were primarily detected. The 
NMR number-average molecular weight (Mn,NMR= 5000) of Anth-PEG was 
determined from a ratio of integrated peaks at 3.62 ppm (OCH2CH2 protons of PEG) 
to 6.15 ppm (CH2-anthracene). Number-average molecular weight of Anth-PEG was 
calculated by UV spectroscopy (Mn,UV= 4800) assuming that the molar extinction 
coefficient ( of anthryl end goup was the same as that of 6 (ε = 11524 L.mol-1.cm-1 
at 368 nm in CH2Cl2). It was found good agreement between Mn,theo, Mn,NMR, Mn,GPC 
and Mn,UV values (Table 4.1).  
MI-PEG was obtained as brown oil after esterification reaction between 4 and Me-
PEG (550) (reaction 4.9). From 
1
HNMR spectrum of the polymer, the bridge and 
bridge-head protons were detected at 6.5, 5.25 and 2.87 ppm respectively. The 
Mn,NMR= 750 of MI-PEG was determined from a ratio of integrated peaks at 3.62 
ppm (OCH2CH2 protons of PEG) to 6.5 ppm (vinyl end protons). 
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(4.9) 
Next, MI-PMMA (reaction 4.10), Anth-PS (reaction 4.11) and MI-PtBA (reaction 
4.12) were obtained by ATRP of MMA, St and tBA using 3 and 5 as initiators. Since 
furan protection was easily deprotected at elevated temperatures, the polymerization 
temperature for tBA and MMA were purposely kept low in order to prevent possible 
copolymerization of maleimide and monomers during polymerization. Number-
average molecular weight calculated by GPC (Mn,GPC) of MI-PMMA and MI-PtBA 
were in fairly good agreement with the theoretical one (Mn,theo) indicating that the 
initiations were not quantitative under these polymerization conditions.  
 
 
(4.10) 
 
 
 
 
 
(4.11) 
 
 
 
 
 
 
(4.12) 
The Mn,NMR of MI-PMMA and MI-PtBA were determined from a ratio of integrated 
peaks at 3.58 ppm (OCH3 protons of MMA) and 2.2 ppm (CH protons of PtBA) to 
6.5 ppm (vinyl end protons). Molecular weight of 3 was added to this value. Mn,NMR 
values were consistent with those of the Mn,GPC (Table 4.1). Besides, Mn,NMR of 
Anth-PS was calculated by comparing of the integrals of the aromatic protons of PS 
at 6.0-7.5 ppm and that of two protons of anthracene end group at 7.9 ppm. 
Furthermore, Mn,UV of Anth-PS was calculated by assuming that ε of anthryl end 
goup was the same as that of 5 (ε = 9451 at 368 nm in CH2Cl2).  From Table 4.1, It 
was found good agreement between Mn,theo Mn,NMR, Mn,GPC and Mn,UV values. 
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Polymer Ini. 
Time 
(min) 
Conv.
f
 
(%) 
Mn,GPC 
(g/mol) 
 
Mw/Mn 
 
Mn,theo 
(g/mol) 
Mn,NMR  
(g/mol)
 
Mn,UV
 
(g/mol) 
Anth-PS
a
 5 45 25 5500 1.10 5550
g
 5350 5500 
MI-PMMA
b
 3 270 45 3600 1.24 2600
g
 3550 - 
MI-PtBA
c
 3 150 22 3900 1.15 3200
g
 3800 - 
MI-PEG
d
 - - - 550
 
 1.09 840
h
 750  
Anth-PEG
e
 - - - 5300 1.13 5300
i
 5000 4800 
a 
[M]0:[I]0:[CuBr]:[PMDETA] = 200:1:1:1; polymerization was carried out at 110 
o
C.  
b 
[M]0:[I]0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 
o
C. MMA / toluene = 
1 (v/v). 
c 
[M]0:[I]0:[CuBr]:[PMDETA] = 100:1:1:1; polymerization was carried out at 50 
o
C. tBA / EC = 10 
(w/w).
 
 
d 
Obtained by an esterification reaction between compound 4 and Me-PEG (550).
  
e 
Obtained by an esterification reaction between compound 6 and Me-PEG (5000). 
f 
Determined by gravimetrically. 
g 
Mn,theo = ([M]o/[I]o) X conversion % X MW of monomer  + MW of initiator. 
h
Mn,theo = Mn of Me-PEG (550) + MW of 4. 
i
Mn,theo = Mn of Me-PEG (5000) + MW of 6. 
 
A model reaction was carried out to evaluate the efficiency of DA reaction before the 
synthesis of block copolymers. For this purpose, both maleimide (3) and anthracene 
(5) functional initiators were reacted at reflux temperature of toluene in the dark for 
24 h. 7 was obtained in a quantitative yield after purification with column 
chromatography. DA adduct formation was also monitored by UV spectroscopy by 
following the disappearance of characteristic five-finger absorbance of 5 at 300-400 
nm (Figure 4.5).  
 
Figure 4.5:  UV spectra of 3 (blue) (4.9 X 10-5 mol/L), 5 (red) (5.4 X 10-5 mol/L) 
and 7 (black) (6.97 X 10
-5
 mol/L) in CH2Cl2. 
Table 4.1:  The conditions and the results of linear polymers used in the synthesis of block 
copolymers via DA click reaction. 
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The structure of 7 was confirmed via 
1
H NMR spectra (Figure 4.6). From the spectra, 
a complete disappearance of an aromatic protons of anthracene between 8.5-7.5 ppm 
and methylene protons next to this ring at 6.2 ppm were observed. Moreover, new 
peaks corresponding to CH2 protons adjacent to new adduct and a bridgehead proton 
(CH) of the compound were primarily detected at 5.6 ppm and 4.8 ppm, respectively. 
Subsequently, the synthesis of block copolymers were carried out using similar 
conditions as described for model reaction. 
 
Figure 4.6:  1H NMR spectra of: a) 3-acetyl-N-(2-hydroxyethyl)-7-
oxabicyclo[2.2.1]hept-5-ene-2-carboxamide (2), b) 9-anthyrylmethyl 
2-bromo-2-methyl propanoate (5),  c) DA product (7) in CDCl3. 
In all cases, maleimide end-functionalized polymers were employed with slight 
excess (1.1 equiv.) with respect to that of the polymers with anthracene unit. The 
molecular weight details of all block copolymers after DA reactions were tabulated 
in Table 4.2 
 
 
 
 
  
98 
Polymer Precursors Mn,GPC 
(g/mol) 
 
Mw/Mn 
 
Mn,theo
a
 
(g/mol) 
Mn,NMR 
(g/mol) 
PS-b-PEG Anth-PS+ MI-PEG 6000 1.07 6100 6000
b
 
PS-b-PMMA Anth-PS+MI-PMMA 8000 1.10 8900 8500
b
 
PS-b-PtBA Anth-PS+ MI-PtBA 9300 1.05 9150 8900
b
 
PEG-b-PMMA Anth-PEG+ MI-PMMA 8500 1.11 8550 8300
c
 
a 
.Mn,theo = sum of Mn,NMR of the precursor polymers. 
b 
Mn,NMR of the blcok copolymers were calculated by taking into account a ratio of the integrated 
values of the PS (DPn = 48) to the PEG, PMMA and PtBA segments. 
c 
Mn,NMR of the blcok copolymer was calculated by taking into account a ratio of the integrated values 
of the PEG (DPn = 107) to the PMMA segment. 
First, the synthesis of PS-b-PEG copolymer was accomplished through the DA click 
reaction between Anth-PS and MI-PEG. The efficiency of the reaction was 
monitored by UV spectroscopy following the decrease in absorbance of anthracene 
conv. % = (1-At/A0), where A0 and At are initial and final absorbance values of 
anthracene at 368 nm in the reaction medium, respectively. Although model reaction 
showed, complete disappearance of anthracene absorbance within 24 h, polymer-
polymer conjugations not only the reaction between Anth-PS and MI-PEG but also 
the other polymer-polymer conjugations were proceded 48 h in order to reach 
completion. The efficiency of DA reaction was found to be 99% for PS-b-PEG block 
copolymer after 48 h (Figure 4.7).  
 
Figure 4.7:  UV spectra of Anth-PS during the synthesis of PS-b-PEG block 
copolymer (C0= 4.7 X 10
-5
 mol/L in CH2Cl2). 
Table 4.2:  The results of the block copolymers obtained by DA click reaction. 
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Since PEG is soluble in methanol, PS-b-PEG copolymer was purified by methanol 
precipitation after DA reaction. Due to low molecular weight of MI-PEG, it was 
observed small shift of block copolymer to higher molecular weight region in GPC 
measurement (Figure 4.8). Unimodal curve without low molecular weight tail 
indicated that quantitative purification of resulting block copolymer was achieved.  
 
Figure 4.8:  GPC traces of MI-PEG, Anth-PS and PS-b-PEG in THF at 30 oC. 
From 
1
HNMR spectra (Figure 4.9), it was clearly seen the backbone protons of PEG 
at 3.64 ppm. Moreover, the complete disappearance aromatic of anthracene ring and 
the appearance of new peaks corresponding to bridge-head proton at 4.71 and 
methylene protons next to the new ring at 5.1 ppm confirmed the structure of the 
block copolymer. Mn,NMR= 6000 of the block copolymer was calculated by 
comparision of aromatic protons of PS (7.5-6.2 ppm) to metyhylene backbone 
protons of PEG (3.64 ppm). It was found good correlation between Mn,theo, Mn,NMR 
and Mn,GPC values (Table 4.2).  
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Figure 4.9:  1H NMR spectra of MI-PEG (a), Anth-PS (b) and PS-b-PEG (c) in 
CDCl3. 
Subsequently, PS-b-PMMA and PS-b-PtBA copolymers were prepared using similar 
reaction strategy. In the case of PS-b-PMMA copolymer, the DA efficiency was 
found to be quantitative (99%) from the UV measurement. The block copolymer was 
dissolved in THF and precipitated into methanol in order to remove excess of 
methanol soluble MI-PMMA. After purification, a clear shift to higher molecular 
weight region was observed from GPC measurement without tail or shoulder proved 
the formation of block copolymer (Figure 4.10).  
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Figure 4.10:  GPC traces of MI-PMMA, Anth-PS and PS-b-PMMA in THF at 30 
o
C. 
In addition to the complete disappearance of anthracene protons, the join of the 
maleimide to the anthracene ring was easily monitored by 
1
H NMR. As shown in 
1
H 
NMR spectra (Figure 4.11), the peaks corresponding to bridge protons (6.5 and 2.9 
ppm) and bridge-head protons (5.2 ppm) of MI-PMMA completely disappeared. 
Moreover, new peak for bridge protons of the block copolymer were detected at 3.08 
ppm. Mn,NMR= 8500 of the block copolymer was caculated by comparision the 
aromatic protons of PS (7.5-6.2 ppm) to the backbone protons (OCH3) of PMMA 
(3.58 ppm). Good correlation was found between Mn,theo, Mn,NMR and Mn,GPC values 
(Table 4.2).  
 
Figure 4.11:  1H NMR spectra of MI-PMMA (a), Anth-PS (b) and PS-b-PMMA (c) 
in CDCl3. 
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PS-b-PtBA copolymer was prepared and purified by aformentioned procedures. The 
efficiency of the block copolymer formation was again quantitative (99%). It was 
observed a clear shift from GPC measurement (Figure 4.12) indicated that block 
copolymer was successfully obtained.  
 
Figure 4.12:  GPC traces of MI-PtBA, Anth-PS and PS-b-PtBA in THF at 30 oC. 
From 
1
H NMR spectra (Figure 4.13), it is obvious that the protons related to 
precursor polymers completely changed. Methylene protons next to the oxygen 
(NCH2CH2OC=O) and nitrogen (NCH2CH2OC=O) were detected at 3.45 ppm and 
3.26 ppm, respectively. In addition, the end group protons (CH-Br) of PS and PtBA 
were detected at 4.4 ppm and 4.1 ppm, respectively. The appearance of the end group 
protons from 
1
H NMR indicated the stability of the bond between carbon and 
bromine atoms during DA reaction at elevated temperature. Mn,NMR= 8900 of the 
block copolymer was caculated by comparision the aromatic protons of PS (7.5-6.2 
ppm) to backbone proton (CH) of PtBA (2.2 ppm). Good correlation was found 
between Mn,theo, Mn,NMR and Mn,GPC values (Table 4.2).  
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Figure 4.13:  1H NMR spectra of MI-PtBA (a), Anth-PS (b) and PS-b-PtBA (c) in 
CDCl3. 
Finally, PEG-b-PMMA copolymer was prepared by DA click reaction. It is obvious 
from UV measurement (98%) that the efficiency of the block copolymer formation 
was quantitative. The purifacation of the polymer was achieved by dissolution in 
THF then precipitation into excess amount of diethyl ether (solvent for excess 
PMMA). The shift to higher molecular weight reagion (Figure 4.14) without tail 
indicated either block copolymer formation or complete purification.  
 
Figure 4.14:  GPC traces of MI-PMMA, Anth-PEG and PEG-b-PMMA in THF at 
30 
o
C. 
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From 1H NMR spectra of the product, it was observed that the peaks between 8.3-7.4 
ppm corresponding to aromatic protons of anthracene were disappeared due to the 
cycloaddition and only multiplet peaks for the phenyl rings remained in the range of 
7.4-7.1 ppm (Figure 4.15). Additionally, methylene protons next to the block 
copolymer were detected at 5.5 ppm and the bridge-head proton at 4.77 ppm 
confirmed the block copolymer formation. Mn,NMR= 8300 of the block copolymer 
was caculated by comparision the backbone protons of PEG (3.62 ppm) to the 
backbone protons (OCH3) of PMMA (3.58 ppm). It was found good correlation 
between Mn,theo, Mn,NMR and Mn,GPC values (Table 4.2).  
 
Figure 4.15:  1H NMR spectra of MI-PMMA (a), Anth-PEG (b) and PEG-b-
PMMA (c) in CDCl3. 
4.2 Synthesis of 3-arm Star Polymers (A3) via Diels-Alder Click Reaction 
A3 type star polymers, PEG3, PMMA3 and PtBA3 were successfully prepared using 
“coupling-onto” method through DA click reaction. For this purpose, trianthracene-
functional linking agent (8), was synthesized via an esterification reaction between 
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compound 6 and 1,1,1-tris(4-hydroxyphenyl) ethane at room temperature with 79% 
yield as depicted in reaction 4.13. 
 
 
 
 
 
 
 
 
 
 
(4.13) 
1
H NMR spectrum confirmed the structure of 8 by typically comparing the integral 
of the aromatic hydrogens of phenyl, at 6.99 and 6.84 ppm to that of ArH of 
anthracene, at 8.47 ppm (Figure 4.16). Alternatively, integrals of remaining protons 
were consistent with each other indicating a successful esterification. 
 
Figure 4.16:  1H NMR spectrum of succinic acid anthracen-9-ylmethyl ester 4-
(1,1-bis-{4-[3-(anthracen-9-ylmethoxycarbonyl)-propionyloxy]-
phenyl}-ethyl)-phenyl ester (8) in CDCl3. 
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Three samples of furan protected maleimide end-functionalized polymers were easily 
prepared using ATRP or condensation reaction as described before, except for MI-
PEG. Mn= 2000 of the Me-PEG was different in this study. The experimental 
conditions and results of the linear polymers used for the synthesis of A3 star 
polymers were tabulated in Table 4. 3.  
Polymer Ini. 
Time 
(min) 
Conv.
d
 
(%) 
Mn,GPC 
(g/mol) 
 
Mw/Mn 
 
Mn,theo 
(g/mol) 
Mn,NMR  
(g/mol)
 
MI-PMMA
a
 3 210 30 2600 1.21 1850
e
 2700 
MI-PtBA
b
 3 150 20 3500 1.16 2900
e
 3600 
MI-PEG
c
 - - - 3200 1.03 2350
f
 2800 
a 
[M]0:[I]0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 
o
C. MMA / toluene = 
1 (v/v). 
b 
[M]0:[I]0:[CuBr]:[PMDETA] = 100:1:1:1; polymerization was carried out at 50 
o
C. tBA / EC = 10 
(w/w).
 
 
c 
Obtained by an esterification reaction between compound 4 and Me-PEG (2000).
  
d 
Determined by gravimetrically. 
e 
Mn,theo = ([M]o/[I]o) X conversion % X MW of monomer  + MW of initiator. 
f
 Mn,theo = Mn of Me-PEG (2000) + MW of 4. 
 
The obtained MI-PEG, MI-PMMA and MI-PtBA were subsequently used as an arm 
in a “coupling-onto” strategy with 8 to give A3 star polymers via DA click reaction. 
All polymers containing furan protected maleimide end-functionality were purposely 
used in slight excess (3.3 equiv) with respect to the trianthracene-functional linking 
agent. DA click reactions were performed at toluene reflux temperature for 48 h. The 
resulting A3 star polymers were confirmed by 
1
H NMR and GPC after precipitation 
of the reaction mixture in inert solvent.  
From 
1
H NMR spectrum of the reaction mixture obtained from MI-PEG and 8 for the 
synthesis of PEG3 star polymer (Figure 4.17), it was mainly observed that peaks of 
anthracene ring ( 8.5-7.4) disappeared due to the cycloaddition and only multiplet 
peaks for the phenyl rings remained in the range of 7.3-6.9 ppm.  Moreover, CH2 
linked to anthracene ( 6.2) shifted to upper field ( 5.5) due to the cycloaddition 
reaction resulting in the loss of the aromatic character of the central phenyl ring of 
the anthracene unit. Again, as a consequence of the cycloaddition reaction, a new 
signal at 4.7 ppm could be assigned as a bridge-head CH proton.  
Table 4.3:  The conditions and results of linear polymers used in the synthesis of A3 type 
star polymers via DA click reaction. 
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Figure 4.17:  1H NMR spectrum of PEG3 star polymer through DA click 
reaction between MI-PEG and 8 in CDCl3. 
The molecular weight and polydispersity index of DA click reaction mixture (Mn,GPC 
= 7260, Mw/Mn = 1.09) was obtained from GPC against PS standards (Figure 4.18).  
 
Figure 4.18:  GPC traces of MI-PEG and DAclick reaction mixture 
obtained from MI-PEG and 8 for the synthesis of PEG3 
star polymer in THF at 30 
o
C. 
GPC analysis of the mixture displayed a shoulder at higher retention time, which is 
fit that of PEG2 precursor (block). Additionally, a tiny peak fits with that of PEG 
precursor was observed at lower molecular weight region. A closer analysis of GPC 
trace by peak splitting using Gaussian function (Figure 4.19) resulted that the peak 
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area consist of 82% PEG3 star polymer, while those of PEG2 and PEG were found to 
be 14 and 4%, respectively. 
 
Figure 4.19:  Splitting of the GPC trace of DA click reaction mixture for the 
synthesis of PEG3 star polymer using Gaussian function. 
These data confirmed that DA click reaction was an efficient route for the synthesis 
of PEG3 star polymer.  
 
Figure 4.20:  1H NMR spectrum of PMMA3 star polymer through DA click reaction 
between MI-PMMA and 8 in CDCl3. 
In the case of PMMA3 star polymer, DA click reaction mixture was analyzed by 
similar methods. 
1
H NMR spectrum of the reaction mixture (Figure 4.20) showed 
successful DA click reaction due to disappearance of typical aromatic protons of 
anthracene ( 8.5-7.4) and appearance of new peaks assignable to the phenyl protons 
at 7.4-6.8 ppm along with those of 8. Again, peaks assignable to the cycloadduct-
CH2OC=O, the CH of bridge-head and the CH-CH of bridge protons were detected 
at 5.5, 4.8 and 3.3 ppm, respectively.  The molecular weight and polydispersity index 
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of the obtained polymer (Mn,GPC = 8450, Mw/Mn = 1.08) was measured by GPC 
against PS standards.  From the GPC trace of the reaction mixture for the synthesis 
of PMMA3 star polymer (Figure 4.21), a monomodal curve was determined with a 
tail at lower molecular weight region that corresponds to PMMA2. 
 
Figure 4.21:  GPC traces of MI-PMMA and DAclick reaction mixture obtained 
from MI-PMMA and 8 for the synthesis of PMMA3 star polymer in 
THF at 30 
o
C. 
In this case PMMA fraction could not be detected which could be attributed to the 
good solubility of PMMA precursor in methanol. The splitting of the curve using 
Gaussian function gave the area fraction of PMMA3 star polymer trace around 89%, 
while that of  PMMA2 block precursor 11% (Figure 4.22).  
 
Figure 4.22:  Splitting of the GPC trace of DA click reaction mixture for the 
synthesis of PMMA3 star polymer using Gaussian function. 
These results allowed the conclusion that the synthesis of PMMA3 star polymer 
could be efficiently achieved via DA click reaction. Later on, PtBA3 star polymer 
was also prepared from a reaction of MI-PtBA with 8 at reflux temperature of 
toluene for 48 h. Again, polymer mixture was analyzed by 
1
H NMR and GPC.               
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1
H NMR analysis (Figure 4.23) showed complete disappearance of anthracene ArH 
and appearance of new peaks related with phenyl protons ( 7.3-6.8) along with 
those of 8. The peaks at 5.5, 4.7 and 3.7 ppm could easily be assigned as ester CH2 
linked to cycloadduct, CH of the bridge-head and ester CH2 linked to the CH2N, 
respectively. Moreover, peaks for PtBA could be detected at 4.1 (CH-Br end group 
of PtBA), 2.2 (CH of PtBA) and 2.0-1.0 ppm (aliphatic protons of PtBA).   
 
Figure 4.23:  1H NMR spectrum of PtBA3 star polymer through DA click reaction 
between MI-PtBA and 8 in CDCl3. 
GPC evaluation gave Mn =10600 with respect to PS standards. GPC trace of the 
polymer mixture was monomodal and had a low polydispersity index 1.05 (Figure 
4.24). 
 
Figure 4.24:  GPC traces of MI-PtBA and DAclick reaction mixture obtained from 
MI-PtBA and 8 for the synthesis of PtBA3 star polymer in THF at 30 
o
C. 
Additionally, peak splitting using Gaussian function also confirmed that the area 
fraction of PtBA3 star polymer was close to 93%, and that of PtBA2 block precursor 
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7%,  and PtBA precursor was not detected because DA click reaction mixture was 
worked up by precipitation in water/methanol (1/9; v/v) (Figure 4.25). 
 
Figure 4.25:  Splitting of the GPC trace of DA click reaction mixture for the 
synthesis of PtBA3 star polymer using Gaussian function. 
Overall results supported that DA click reaction occurred between furan protected 
maleimide end-functionalized polymers and trianthracene functional linking agent 8 
was a simple and an efficient route for the synthesis of 3-arm star polymers (A3), 
PEG3, PMMA3 and PtBA3. Here, it was remarkably pointed out that DA click 
reaction efficiency displayed similarity to those reported for Cu(I) catalyzed Huisgen 
[3+2] click reaction between azide end-functionalized polymer precursors and 
trialkyne functional linking agent [241, 242]. 
4.3 Synthesis of Multiarm Star Block Copolymers via Diels-Alder Click  
Reaction  
The synthesis of multiarm star block copolymers was carried out by successive “arm 
first” and coupling-onto methodologies as outlined in reaction 4.14.  
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(4.14) 
All polymerization conditions and results of the linear precursors used in the 
synthesis of multiarm star block copolymers via DA click chemistry were tabulated 
in Table 4.4. 
In the first step, Anth-PS macroinitiator was prepared by ATRP of St with low 
monomer conversion to ensure a high degree of bromine chain end-functionality. 
Next, multiarm anthracene end-functionalized (PS)m-polyDVB star polymer was 
obtained using Anth-PS as macroinitiator and DVB as cross-linker in ATRP 
condition at 110 °C. It was demonstrated that soluble star polymers could be 
obtained when a suitable molar ratio of DVB to macroinitiator (i.e. 15) was used 
[214]. The DVB conversion was followed by GC analysis and the polymerization 
was stopped after 10 h at 95% conversion. Figure 4.26 shows a series of 
conventional GPC curves of the reaction products at a given polymerization time and 
the purified multiarm star polymer. 
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Polymer Initiator 
Time 
(min) 
Conversion
d
 
(%) 
TD-GPC
 
Mn,theo
f 
(g/mol) 
Mn,NMR
 
(g/mol) 
Mn,UV
 
(g/mol) 
Mn 
(g/mol) 
Mw 
(g/mol) 
Mp 
(g/mol) 
Mw/Mn
e
 
Anth-PS
a
 5 45 24 5700 6200 58050 1.08 5400 5250 5300 
MI-PMMA
b
 3 300 80 5700 6200
g
 6500 1.09 4400 5200 - 
MI-PtBA
c
 3 100 40 6100 6900
h
 5200 1.13 5500 5400 - 
a 
[M]0:[I]0:[CuBr]:[PMDETA] = 200:1:1:1; polymerization was carried out at 110 
o
C.  
b 
[M]0:[I]0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 
o
C. MMA / toluene = 1 (v/v). 
c 
[M]0:[I]0:[CuBr]:[PMDETA] = 100:1:1:1; polymerization was carried out at 50 
o
C. tBA / EC = 10 (w/w).
  
d 
Determined by gravimetrically.
  
e 
Determined by conventional GPC.
  
f 
Mn, theo = ([M]0/[I]0) X conversion % X molecular weight (MW) of monomer + MW of initiator. 
g 
A value of 0.076 mL/g was used for the dn/dc of PMMA. 
h 
A value of 0.049 mL/g was used for the dn/dc of PtBA. 
Table 4.4:  The conditions and results of linear polymers used in the synthesis of multiarm 
star block copolymers via DA click reaction. 
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Figure 4.26:  GPC traces of multiarm (PS)m-polyDVB star polymer in the presence 
of DVB as a crosslinking agent in THF at 30 
o
C. ([DVB]/15 = [Anth-
PS] = [CuBr] = [PMDETA] = 0.027 M in anisole at 110 °C). 
It was observed that the peak corresponding to the star polymer was shifted to the 
higher molecular weight region of the chromatogram and the RI signal corresponding 
to the PS macroinitiator decreased with the extent of cross-linking reaction. These 
results clearly indicated that the formation of the multiarm star polymer was 
achieved. For the purification of multiarm star polymer, it was dissolved in THF and 
reprecipitated into methanol/diethyl ether mixture (1/2 v/v) to remove unreacted 
Anth-PS. The effectiveness of the purification procedure was confirmed by a 
complete disappearance of Anth-PS peak in an overlaid GPC chromatogram of 
purified sample in Figure 4.26. 
The molecular weight values (Mn, Mw, and Mp) of (PS)m-polyDVB star polymer 
obtained using conventional GPC and TD-GPC  instruments were given in Table 4.5. 
It should be noted that there is a discrepancy between the molecular weight values 
obtained by conventional GPC and TD-GPC. This is expected that because star 
polymers have more compact structure than linear polymer of equivalent molecular 
weight and composition resulting in smaller hydrodynamic volume. Thus, apparent 
molecular weight of star polymers is underestimated by conventional GPC. 
Refractive index (RI), light scattering (LS) and differential viscometer detectors in 
TD-GPC instrument provides more advanced and accurate technique to measure the 
absolute molecular weight of star polymer, if refractive index increment (dn/dc) 
value of the analyzed polymer is known. Although, dn/dc value of linear PS is 
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available, an attempt has been made to clarify the effect of cross-linked DVB core on 
dn/dc value of multi arm PS star polymer.  Therefore, the dn/dc of (PS)m-polyDVB 
was measured by TD-GPC instrument and found to be 0.185 mL/g in THF at 35 
o
C, 
which is equal to that of  linear PS. The weight average arm number (f ) of multiarm 
(PS)m-polyDVB star polymer was calculated using the following equation based on 
the absolute molecular weights (Mw) of multiarm star polymer.  
 
(Eq. 4.1) 
Where WFarm is the weight fraction of PS arm in the star polymer, Mw,star and Mw,arm 
are the absolute molecular weights of the (PS)m-polyDVB star and Anth-PS arm, 
respectively obtained from TD-GPC instrument introducing  the predetermined dn/dc 
value of PS to OmniSEC software, MDVB is the molecular weight of DVB, [DVB]/[ 
Anth-PS] is a feed molar ratio of the DVB to Anth-PS before cross-linking 
polymerization. The conversion of DVB (convDVB) was determined by GC. Thus, the 
f of multiarm (PS)m-polyDVB star polymer was calculated to be 33 and listed in 
Table 4.5. It is generally accepted that the intrinsic viscosity comparison of star 
polymer and its linear counterpart provides the most convenient method to elucidate 
the structure of star polymers, where g’ is the contraction factor as given in Eq. 4.2.  
g’ = []star / []linear  (M = constant)                                                                  (Eq. 4.2) 
Where []star and []linear are the intrinsic viscosities of star polymer and the linear 
polymer with the same molecular weight and the composition, respectively [283]. It 
is also shown that in regular (equal arm length) star polymers, g’ is related with the 
number of arms, f as follows:  
log g’ = 0.36 – 0.8 log f                                                                                    (Eq. 4.3) 
Mark-Houwink-Sakurada (MHS) parameters K and a for linear PS were determined 
to be 1.44x10
-4
 dL/g and 0.707, respectively in THF at 35 
o
C using a series of linear 
narrow PS standards by TD-GPC. Then, using these parameters []linear was 
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calculated to be 0.996 dL/g for a specified molecular weight (Mw = 276000) of linear 
PS. Moreover, the []star of (PS)m-polyDVB star polymer was measured to be 0.142 
dL/g by viscometer detector in TD-GPC.  The number of arms, f  was calculated to 
be 32 using Eqs. 4.2-3 and in close agreement with that obtained from Eq. 4.1. All 
data were given in Table 4.5.  
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Polymers GPC 
 
 TD-GPC 
 Mn 
(g/mol) 
Mw 
(g/mol) 
Mw/Mn 
 Mn 
(g/mol) 
Mw 
(g/mol) 
[]  
(dL/g) 
Rh 
(nm) 
dn/dc
 
(mL/g) 
g’ f b f’ c 
(PS)m-polyDVB
a
 
76000 111000 1.47 
 
200000 276000 0.142 8.2 0.185 0.143 33 32 
(PMMA)n-(PS)m-polyDVB 126000 191000 1.52 
 
390000 667000 0.196 12.0 0.145
d
 - - - 
(PtBA)k-(PS)m-polyDVB 116000 172000 1.49 
 
445000 760000 0.163 11.8 0.124
d
 - - - 
a 
[DVB]/15 = [Anth-PS] = [CuBr] = [PMDETA] = 0.027 M in anisole at 110 °C. 
b
Number of arms in multi arm star polymer, calculated according to Eq. 
4.1. 
c
 Calculated according to Eqs. 4.2 and 4.3. 
d
 Calculated according to Eq. 4.4. 
 
Table 4.5:  The results of multiarm anthracene end-functional star and multiarm star block 
copolymers. 
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The obtained multiarm anthracene end-functionalized (PS)m-polyDVB star polymer 
was then reacted with MI-PMMA or MI-PtBA to give multiarm star block 
copolymers via DA click reaction. The polymers with maleimide end-functionality 
were used in a slight excess (1.2 equiv.) with respect to the concentration of 
anthracene in (PS)m-polyDVB determined by UV. DA click reactions were 
performed at toluene reflux temperature for 48 h. As shown in Figure 4.27, the 
efficiencies were found to be 96 and 88 % for multiarm (PMMA)n-(PS)m-polyDVB 
and (PtBA)k-(PS)m-polyDVB star block copolymers by UV following the decrease in 
absorbance of anthracene at 368 nm, respectively.  
 
Figure 4.27:  UV spectra of  multiarm anthracene end-functionalized (PS)m-
polyDVB star polymer during the synthesis of multiarm (PMMA)n-
(PS)m-polyDVB star block copolymer (C0= 2.27 X 10
-6
 mol/L in 
CH2Cl2) (a) and multiarm anthracene end-functionalized (PS)m-
polyDVB star polymer during the synthesis of multiarm (PtBA)k-
(PS)m-polyDVB star block copolymer (C0= 1.65 X 10
-6
 mol/L in 
CH2Cl2) (b). 
The unreacted MI-PMMA and MI-PtBA were removed by precipitation into 
methanol after the DA click reaction and thus, the purified multiarm star block 
copolymers were obtained. The resulting multiarm star block copolymers were then 
confirmed by 
1
H NMR and GPC. From 
1
H NMR spectra of both multiarm star block 
copolymers, it was detected that characteristic peaks of anthracene (8.5-7.5 ppm) 
completely disappeared as a result of DA cycloaddition. New peaks corresponding to 
CH2 protons adjacent to new ring at 5.3 ppm and a bridge-head proton of 
cycloadduct (CH) at 4.7 ppm were primarily observed. 
Multiarm (PtBA)k-(PS)m-polyDVB star block copolymer displayed additional peaks 
(Figure 4.28) at 4.1 ppm (CH-Br end group of PtBA), 3.5-3 ppm (NCH2CH2OC=O, 
NCH2CH2OC=O and CH-CH, bridge protons) and 2.2 ppm (CH of PtBA).  
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Figure 4.28:  1H NMR spectrum of multiarm (PtBA)k-(PS)m-polyDVB star block 
copolymer in CDCl3.  
Moreover, in the case of multiarm (PMMA)n-( PS)m-polyDVB star block copolymer, 
only bridge protons at 3.3 ppm could be detected due to the overlapping OCH3 
protons of MMA (Figure 4.29). 
 
Figure 4.29:  1H NMR spectrum of multiarm (PMMA)n-(PS)m-polyDVB star block 
copolymer in CDCl3. 
The evolution of GPC traces of multiarm anthracene end-functionalized (PS)m-
polyDVB star polymer, MI-PMMA and MI-PtBA homopolymers, and  target 
multiarm star block copolymers are shown in Figure 4.30.  
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Figure 4.30:  The evolution of GPC traces of MI-PMMA, multiarm anthracene end- 
functionalized (PS)m-polyDVB star polymer and multiarm (PMMA)n-
(PS)m-polyDVB star block copolymer (a) and MI-PtBA, multiarm 
anthracene end- functionalized (PS)m-polyDVB star polymer and 
multiarm (PtBA)k-(PS)m-polyDVB star block copolymer (b) in THF 
at 30 
o
C. 
The obtained multiarm (PMMA)n-(PS)m-polyDVB- and (PtBA)k-(PS)m-polyDVB star 
block copolymers had higher hydrodynamic volume than that of multiarm anthracene 
end-functionalized (PS)m-polyDVB star polymer, which manifested itself in a clear 
shift to higher molecular weight region. In order to determine the absolute molecular 
weight of the multiarm star block copolymers, dn/dc value of the polymer-solvent 
combination was required. It was shown that dn/dc value correlates linearly with 
composition of block copolymer in Eq. 4.4 [284]. 
(dn/dc)block copolymer
 
= x (dn/dc)PS + y (dn/dc)PMMA /or PtBA                                             (Eq. 4.4) 
Where x and y are weight fractions of PS and PMMA /or PtBA blocks from 
1
H NMR          
according to the backbone protons. The weight fractions of PS and PMMA blocks in 
(PMMA)n-(PS)m-polyDVB are determined to be 0.64 and 0.36, respectively. For 
(PtBA)k-(PS)m-polyDVB, 0.56 and 0.44 were found for weight fractions of PS and 
PtBA blocks, respectively. Using Eq. 4.4, dn/dc values are derived to have 0.145 and 
0.124 mL/g for (PMMA)n-(PS)m-polyDVB and (PtBA)k-(PS)m-polyDVB multiarm 
star block copolymers. Therefore, the absolute molecular weights and Rh of the 
multiarm star block copolymers are obtained from TD-GPC instrument introducing 
the above dn/dc values into Omnisec software (Table 4.6.). Again the molecular 
weights of multiarm star block copolymers were inconsistent with those from 
conventional GPC due to the hydrodynamic volume difference between multiarm 
star block copolymers and linear PS standards. This methodology afforded the 
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molecular weight of multiarm star block copolymers up to around 800.000 without 
any star-star coupling reaction. 
4.4 One-pot Synthesis of ABC Type Triblock Terpolymers via in-situ CuAAC 
and DA Click Reactions 
It is well known that both DA and the CuAAC click reactions share a number of 
important features including high yield and excellent functional group tolerance. One 
more advantage is that polymer backbone with appropriate end-functional groups for 
both reactions can be easily prepared via a wide range of living polymerization 
techniques, such as ATRP and ROP. Therefore, we envisaged the possibility of 
combining [4+2] and [3+2] cycloaddition reactions and applying it for the synthesis 
of ABC triblock terpolymers. Our synthetic strategy here involved the one-pot 
reaction of maleimide and alkyne end-functionalized polymers with PS containing 
terminal both anthracene and azide.  
Anth-PS containing azide end-functionality (Anth-PS-N3) was prepared by succesive 
reaction, first Anth-PS was obtained, and then the bromide was converted to azide in 
the presence of NaN3/DMF at room temperature. From 
1
H NMR spectra (Figure 
4.31), it was observed that a signal at 4.4 corresponding to CH(Ph)-Br disappeared 
and a new signal (CH-Ph linked to azide end-group) was detected at 3.9 ppm. The 
structure of Anth-PS-N3 was further supported by the observation of the azide 
stretching band at 2094 cm
-1
 from FT-IR spectrum. 
 
Figure 4.31:  1H NMR spectra of PS-α-anthracene-ω-bromide (a) and PS-α-
anthracene-ω-azide (Anth-PS-N3) (b) in CDCl3. 
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In the case of MI-PMMA, chloride end-functionality of MI-PMMA was removed by 
reacting with tributyltinhydride, due to a probability of the radical formation caused 
by CuBr/PMDETA in the one-pot synthesis of the triblock copolymer.    
Alkyne-PEG was obtained from a reaction of Me-PEG with 4-pentynoic acid at room 
temperature as depicted in reaction 4.15.  
 
(4.15) 
1
H NMR spectrum revealed the structure of Alkyne-PEG (Figure 4.32), displaying 
characteristic peaks such as a triplet (CHC-) at 1.9 ppm and a multiplet 
(CHCCH2CH2C=O) at 2.5 ppm. Mn,NMR of Alkyne-PEG  was calculated from a 
ratio of peak areas of PEG repeating unit at 3.64 ppm and  CHCCH2CH2C=O end 
group at 2.5 ppm.  Mn,NMR= 2300 of the polymer was consistent with those of 
Mn,theo= 2100 and Mn,GPC= 3000.  
 
Figure 4.32:  1H NMR spectrum of Alkyne-PEG in CDCl3. 
Alkyne-PCL was prepared by ROP of -CL in bulk using Sn(Oct)2 as a catalyst and 
propargyl alcohol as an initiator at 110 °C (reaction 4.16) .  
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(4.16) 
Alkyne end-functionality was confirmed by the observation of a signal at 4.65 
(CHCCH2OC=O) in the 
1
H NMR spectrum (Figure 4.33). Mn,NMR= 4200 of the 
polymer was determined accordingly from the integration of the peaks at 4.03 and 
4.65 ppm related to PCL repeating unit and CHCCH2OC=O end-group protons, 
respectively.  
 
Figure 4.33:  1H NMR spectrum of Alkyne-PCL in CDCl3. 
Mn,GPC of Alkyne-PCL was calculated to be 8000, based on linear PS standards (RI 
detector). However, determining more precise the molecular weight for PCL, a 
correction formula was used:
 
 Mn,PCL = 0.259 X Mn,GPC
1.073
 (Mn,PCL = 4000), where 
Mn,GPC is the molecular weight determined from GPC using PS standards [285]. 
Mn,NMR, Mn,theo, and Mn,PCL values were in good agreement. The polymerization 
conditions and characterizations of all linear precursors were tabulated in Table 4.6. 
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Polymer Ini. 
Time 
(min) 
Conv.
e
 
(%) 
Mn,GPC 
(g/mol) 
 
Mw/Mn 
 
Mn,theo 
(g/mol) 
Mn,NMR  
(g/mol)
 
Anth-PS-N3
a
 3 45 27 6100 1.09 5850
g
 6600 
MI-PMMA
b
 5 210 30 2600 1.21 1850
g 
 2700 
Alkyne-PEG
c
 - - - 3000 1.04 2100
h 
 2300 
Alkyne-PCL
d
 - 1680 66 4000
f
 1.06 3850
g
 4200 
a 
[M]0:[I]0:[CuBr]:[PMDETA] = 200:1:1:1; polymerization was carried out at 110 
o
C.   Next, NaN3 in 
DMF stirred at room temperature for overnight. 
b 
[M]0:[I]0:[CuCl]:[PMDETA] = 50:1:1:1; polymerization was carried out at 40 
o
C. MMA / toluene = 
1 (v/v). Tributyltinhydride was added after 3.5 h and the reaction was contiuned for further 30 min. 
c 
Obtained by an esterification reaction between 4-pentynoic acid and Me-PEG (2000).
 
 
c 
Synthesized by ROP of -CL in bulk using tin(II)-2-ethylhexanoate as a catalyst and propargyl 
alcohol as an initiator at 110 °C. [M]0:[I]0 = 50. 
e 
Determined by gravimetrically. 
f
 Determined by conventional GPC using linear PS standarts, after applying a correction formula 
(Mn,PCL = 0.259 X Mn,GPC
1.073
). 
g 
Mn,theo = ([M]o/[I]o) X conversion % X MW of monomer  + MW of initiator. 
h 
Mn,theo = Mn of Me-PEG (2000) + MW of 4-pentynoic acid. 
Before the one-pot reactions, a model study was arranged. For this purpose, 10 
comprising both alkyne and anthracene unit was synthesized through an 
esterification reaction between 6 and propargyl alcohol (reaction 4.17).  
 
 
(4.17) 
1
H NMR spectrum of 10 indicated the successful reaction. The methylene protons of 
propargyl (CHCCH2OC=O) adjacent to ester were detected as doublet at 4.61 ppm 
and alkyne proton at 2.44 ppm confirmed that the reaction was successfully carried 
out. Moreover, benzyl azide (9) was obtained quantitatively via simple substitution 
reaction using NaN3 in the presence of acetone/water mixture (reaction 4.18).  
 
(4.18) 
It was observed from 
1
H NMR spectrum of 9, a signal related to methylene protons 
next to Br atom at 4.52 ppm completely disappeared and a new peak linked to N3 
Table 4.6:  The conditions and results of linear polymers used in one-pot synthesis of ABC 
triblock terpolymers via in-situ CuAAC and DA double click reactions. 
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was observed at 4.35 ppm. Subsequently, one-pot model reaction was performed 
using 2, 9, and 10 in the presence of CuBr/PMDETA in DMF at 120 
o
C for 24 h 
(4.19).  
 
 
 
 
 
(4.19) 
11 was purified by column chromatography. From 
1
H NMR spectra (Figure 4.34), it 
was revealed that the protons related to anthracene ring completely disappeared and 
new aromatic protons appeared at 7.39-7.12 ppm with overlapped benzyl protons. 
The triazole proton and methylene protons of benzyl ring adjacent to this ring 
appeared at 7.51 ppm and 5.13 ppm, respectively. In addition, methylene protons 
next to the new adduct appeared at 5.54-5.39 ppm with overlapped triazole- 
CH2OC=O protons.  
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Figure 4.34:  1H NMR spectra of:  a) benzyl azide (9), b) succinic acid anthracen-9-
ylmethyl ester prop-2-ynyl ester (10), c) 3-acetyl-N-(2-hydroxyethyl)-
7-oxabicyclo[2.2.1]hept-5-ene-2-carboxamide (2), d) one-pot double 
click product (11) in CDCl3. 
The formation of the model adduct was further confirmed by FT-IR spectroscopy 
(Figure 4.35). A strong stretching of azide at 2100 cm
-1
 and the weak stretching of 
alkynes at 3300 and 2110 cm
-1
 disappeared after double click reactions indicated that 
quantitative conversion was achieved.  
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Figure 4.35:  FT-IR spectra of benzyl azide (9) (green) (a), 3-acetyl-N-(2-
hydroxyethyl)-7-oxabicyclo[2.2.1]hept-5-ene-2-carboxamide (2) (red) 
(b), succinic acid anthracen-9-ylmethyl ester prop-2-ynyl ester (10) 
(blue) (c) and one-pot double click product (11) (black) (d). 
Subsequently, one-pot synthesis of triblock terpolymers was carried out. The 
characterizations of two samples of ABC triblock terpolymers were collected in 
Table 4.8.  
Polymer Precursors 
Mn,GPC 
(g/mol) 
 
Mw/Mn 
 
Mn,theo
a
 
(g/mol) 
Mn,NMR
b
 
(g/mol) 
PMMA-b-PS-
b-PEG 
Anth-PS-N3+ MI-PMMA 
and Alkyne-PEG 
8200 1.10 11600 10300 
PMMA-b-PS-
b-PCL 
Anth-PS-N3+MI-PMMA 
and Alkyne-PCL 
10500 1.11 13500 12300 
a 
.Mn,theo = Sum of Mn,NMR of the precursor polymers. 
b 
Mn,NMR of the blcok copolymers were calculated by taking into account a ratio of integrated values of 
the PS (DPn = 60) to the PEG, PMMA and PCL segments. 
As a first sample of ABC triblock terpolymer, MI-PMMA, Anth-PS-N3, and Alkyne-
PEG were reacted in one-pot in order to give a PMMA-b-PS-b-PEG triblock 
terpolymer via one-pot double click reactions (reaction 4.20).  
Table 4.7:  The results of ABC triblock terpolymers after one-pot double click reactions. 
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(4.20) 
CuAAC click reaction was accomplished between ω-azide of Anth-PS and alkyne 
end-functional group of PEG catalyzed by CuBr/PMDETA in DMF at 120 
o
C.  
Simultaneously, a r-DA reaction of PMMA was occurred to give PMMA with 
deprotected maleimide end-group evolving furan, followed by a DA reaction to α-
anthracene of PS.  In the synthesis of PMMA-b-PS-b-PEG triblock terpolymer, 
slightly excess amounts of MI-PMMA (1.1 equiv) and Alkyne-PEG (1.1 equiv) were 
used with respect to Anth-PS-N3 (1 equiv). PEG and PMMA blocks were completely 
soluble in methanol in the range of the molecular weights studied in this work and, 
therefore, were easily removed from the reaction mixture using only methanol 
precipitation.  
An evidence for the formation of DA cycloadduct and triazole ring of the resulting 
triblock terpolymer was obtained from 
1
H NMR spectroscopy (Figure 4.36). The 
characteristic peaks for aromatic protons of anthracene (7.4-8.5 ppm) completely 
disappeared because of DA cycloaddition, and a new signal corresponding to a 
bridgehead proton (CH) of the cycloadduct appeared at 4.7 ppm.  Two broad peaks 
in the range of 5.2-4.9 ppm were assigned as methylene protons linked to the 
cycloadduct and CH proton of PS end-group linked to triazole ring. Moreover, a new 
signal corresponding to CH2 protons linked to the triazole ring was also observed at 
2.7 ppm, confirming the structure of triblock terpolymer.  
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Figure 4.36:  1H NMR spectrum of PMMA-b-PS-b-PEG triblock terpolymer in 
CDCl3. 
DA cycloadduct formation was further confirmed by UV spectrophotometer (Figure 
4.37). Although, Anth-PS-N3 displayed a characteristic five-finger absorbance in the 
range of 300-400 nm, PMMA-b-PS-b-PEG triblock terpolymer showed no 
absorbance in this region indicating that DA reaction occurred quantitatively.   
 
Figure 4.37:  UV spectra of Anth-PS-N3 (9.8 X 10
-5
) and PMMA-b-PS-b-PEG (3.1 
X 10
-4
) in CH2Cl2. 
GPC curves of the PMMA-b-PS-b-PEG triblock terpolymer and the corresponding 
precursors displayed unimodal and narrow molecular weight distribution, and a tail 
was not observed in the molecular weight region of the precursors (Fig. 4.38).  
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Figure 4.38:  GPC traces of MI-PMMA, Alkyne-PEG, Anth-PS-N3 and PMMA-b-
PS-b-PEG in THF at 30 
o
C. 
Next, PMMA-b-PS-b-PCL triblock terpolymer was obtained via one-pot double click 
reactions using the conditions as described for PMMA-b-PS-b-PEG triblock 
terpolymer (reaction 4.21).  
 
(4.21) 
For the synthesis of PMMA-b-PS-b-PCL triblock terpolymer only MI-PMMA block 
was only used as a slight excess relative to the Anth-PS-N3 and Alkyne-PCL. The 
solubility of PMMA can be stressed for this case. The structure of PMMA-b-PS-b-
PCL triblock terpolymer was confirmed by 
1
H NMR spectroscopy (Figure 4.39).   
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Figure 4.39:  1H NMR spectrum of PMMA-b-PS-b-PCL triblock terpolymer 
in CDCl3. 
Disappearance of the peaks for the characteristic aromatic protons of anthracene at 
7.4 to 8.5 ppm was clearly observed indicating successful DA cycloaddition. Two 
broad peaks in the range of 5.2-4.9 ppm were assigned as CH2O- linked to the 
triazole ring and CH2- linked to the DA cycloadduct. Moreover, a new signal 
corresponding to the bridgehead proton (CH) of the cycloadduct, and CH of the 
fused maleimide ring, and CH2 protons adjacent to the fused maleimide ring 
appeared at 4.7, and 3.3 -3.0 ppm, respectively. A GPC trace of the triblock 
terpolymer clearly shifted to the higher molecular weight region compared to the 
corresponding polymeric precursors (Figure 4.40). Notably, unimodal shape of the 
GPC curve without a tail was obtained confirming an efficient triblock formation.  
 
Figure 4.40:  GPC traces of MI-PMMA, Alkyne-PCL, Anth-PS-N3 and PMMA-b-
PS-b-PCL in THF at 30 
o
C. 
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Further evidence for PMMA-b-PS-b-PCL triblock terpolymer formation was 
obtained by FT-IR spectroscopy (Figure 4.41). The weak strechings due to azide and 
alkyne at 2094 and 3300 cm
-1
 disappeared after triblock formation (Figure 4.41). 
 
Figure 4.41:  FT-IR spectra of  Alkyne-PCL (green) (a), MI-PMMA (red) (b), 
Anth-PS-N3 (blue) (c) and PMMA-b-PS-b-PCL (black) (d). 
The glass transition temperatures (Tg) of triblock terpolymers were measured by 
DSC at a heating rate of 10 
o
C/min under nitrogen atmosphere. As demonstrated in 
Figure 4.42, any Tg for PEG segment of triblock terpolymer (PEG-b-PS-b-PMMA) 
was not observed because of relatively shorter PEG segment compared to those of PS 
and PMMA. Only one Tg was an evident at 75 
o
C corresponding to the PS/PMMA 
segments. This value is lower than an expected Tg of PS/PMMA precursor (95-105 
o
C) and might be considered that PEG segment is miscible with PS/PMMA segment.  
   
Figure 4.42:  DSC thermograms of PMMA-b-PS-b-PEG (a) and PMMA-b-PS-b-
PCL (b) triblock copolymers at a heating rate of 10 C/ min under 
nitrogen. The glass transition (Tg) and the melting temperatures (Tm) 
were calculated as a midpoint and a peak apex of thermograms, 
respectively. 
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In the case of PMMA-PS-PCL triblock terpolymer, two transitions such as a melting 
temperature (Tm) for PCL and a Tg for PS/PMMA precursor were observed at 55 and 
90 
o
C, respectively. Moreover, a Tg of PCL segment was not determined.     
4.5 Synthesis of Multiarm Star Triblock Terpolymers via Sequential Double 
Click Reactions 
The success of double click reaction for the synthesis ABC type triblock terpolymers, 
encouraged us to utilize this approach for the prepration of multiarm star triblock 
terpolymers. For this purpose, two samples of multiarm star triblock copolymers 
were simply obtained from sequential double click reactions of (Alkyne-PS)m-
polyDVB multiarm star polymer with linear anth-PMMA-N3 and MI-PtBA or MI-
PEG precursors as depicted in reaction 4.22. 
 
 
 
 
 
 
 
(4.22) 
 First, linear α-silyl protected alkyne functional initiator (12) was synthesized 
through an esterification reaction via a similar method as described before (reaction 
4.23).  
 
(4.23) 
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The 
1
H NMR spectrum of 12 (Figure 4.43) showed three singlets, methylene protons 
next to ester unit at 4.72 ppm, methyl protons next to Br at 1.96 ppm and methyl 
protons next to Si at 0.17 ppm, respectively.  
 
Figure 4.43:  3-(1,1,1-trimethylsilyl)-2-propynyl 2-bromo-2-methylpropanoate (12) 
in CDCl3. 
Then, α-silyl protected alkyne terminated PS (α-silyl-alkyne-PS) was obtained from 
ATRP of St using 12 as an initiator. All polymerization conditions and results of the 
linear precursors used in the synthesis of multiarm star triblock terpolymers via 
double click reactions were tabulated in Table 4.8. 
Polymer Ini. 
Time 
(min) 
Conv.
e
 
(%) 
Mn,GPC 
(g/mol) 
 
Mw/Mn 
 
Mn,theo 
(g/mol) 
Mn,NMR  
(g/mol)
 
α-silyl-
alkyne-PS
 a
 
12 45 26 6600 1.07 5700
f
 5900 
Anth-
PMMA-N3
b
 
5 25 14 4400 1.23 2900
f
 4100 
MI-PtBA
c
 3 150 20 3500 1.15 2900
f
 3600 
MI-PEG
d
 - - - 550
 
 1.09 840
g
 750 
a 
[M]0:[I]0:[CuBr]:[PMDETA] = 200:1:1:1; polymerization was carried out at 110 
o
C.  
b 
[M]0:[I]0:[CuCl]:[PMDETA] = 200:1:1:1; polymerization was carried out at 90 
o
C. MMA / toluene = 
1 (v/v). Then NaN3 in DMF stirred at room temperature for overnight. 
c 
[M]0:[I]0:[CuBr]:[PMDETA] = 100:1:1:1; polymerization was carried out at 50 
o
C. tBA / EC = 10 
(w/w).
 
 
d 
Obtained by an esterification reaction between compound 4 and Me-PEG (550).
  
e 
Determined by gravimetrically. 
f 
Mn,theo = ([M]o/[I]o) X conversion % X MW of monomer  + MW of initiator. 
g 
Mn,theo = Mn of Me-PEG (550) + MW of 4. 
Table 4.8:  The conditions and results of linear polymers used in the synthesis of multiarm 
star triblock terpolymers via sequential double click reactions. 
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DPn of α -silyl-alkyne-PS was calculated to be 54 by comparing integration areas of 
signal at 7.5-6.5 (ArH of PS) to that of (CH3)3Si- (α-end group of PS) at 0.17 ppm. 
The multiarm (Alkyne-PS)m-polyDVB star polymer was obtained by ATRP of DVB 
in the presence of α-silyl-alkyne-PS as a macroinitiator and CuBr/PMDETA as 
catalyst at 110 
o
C. The star formation was followed by GC and GPC, and terminated 
after 12 h at 90 % of DVB conversion (Figure 4.44).  
 
Figure 4.44:  Evolution of GPC traces of (-silyl-alkyne-PS)m-polyDVB multiarm 
star polymer using RI detector in THF at 30 
o
C. ([DVB]0/15 = [-
silyl-alkyne-PS]0 = [CuBr]0 = [PMDETA]0 = 0.023 M in anisole at 
110 
o
C). 
Multiarm (-silyl-alkyne-PS)m-polyDVB star polymer was purified by two 
dissolution-precipitation cycles from THF into methanol/diethyl ether mixture (1/2, 
v/v) followed by deprotection of silyl groups at the periphery using TBAF to yield 
multiarm (Alkyne-PS)m-polyDVB star polymer. The disappearance of the signal at δ 
0.17 corresponding to (CH3)3Si- confirmed the structure of multiarm (Alkyne-PS)m-
polyDVB star polymer (Figure 4.45). 
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Figure 4.45:  1H NMR spectra of α-silyl-alkyne-PS (a), multiarm (α-silyl-alkyne-
PS)m-polyDVB star polymer (b) and multiarm (Alkyne-PS)m-
polyDVB star polymer (c) in CDCl3. 
A TD-GPC trace shows a monomodal distribution and weight-average molecular 
weight (Mw,TD-GPC = 223000) and  narrow polydispersity (Mw/Mn = 1.18)  values 
were obtained from TD-GPC in THF at 35 
o
C, after introducing dn/dc = 0.185 mL/g 
of linear PS standard to the Omni-Sec software (Table 4.9).  
Linear α-anthracene-ω-azide PMMA (Anth-PMMA-N3) was prepared by ATRP of 
MMA using 5 as an initiator and CuCl/PMDETA as catalyst at 90 
o
C for 25 min, 
followed by a substitution reaction of ω-bromide end-functionality of PMMA using 
NaN3 in DMF at room temperature overnight (reaction 4.24).  
 
(4.24) 
Although azidation cannot be followed by 
1
H NMR for this case, in the FT-IR 
spectrum a weak band for azide group was detected at  2094 cm
-1
. DPn = 37 and 
Mn,NMR  = 4100 of Anth-PMMA-N3 were determined from an integration ratio of a 
broad  signal at 3.6-3.5 (OCH3 of PMMA) to a signal at 6.1 ppm (CH2-anthracene).  
Moreover, Rh = 8.16 nm and [η] = 0.165 were measured by a viscometer detector in 
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TD-GPC. Consequently, f was calculated to be 25 and 23, by using Eqs. 4.1 and 4.3, 
respectively.
 
In addition, the yield of the star formation was calculated to be 87 % as 
a given method in the literature.[214] 
Next, multiarm (Alkyne-PS)m-polyDVB star polymer was efficiently coupled with  
ant-PMMA-N3 in a CuAAc click reaction in DMF for 24 h at room temperature 
(reaction 4.25) to yield multiarm (PMMA)n-(PS)m-polyDVB star block copolymer. 
The coupling reaction was accomplished in the presence of 3-fold molar excess of 
Anth-PMMA-N3 per arm of the multiarm (Alkyne-PS)m-polyDVB star polymer. This 
is because that unreacted linear precursors were easily removed from the reaction 
medium by dissolution-precipitation.  
 
(4.25) 
The multiarm (PMMA)n-(PS)m-polyDVB star diblock copolymer was first 
characterized by 
1
H NMR spectroscopy (Figure 4.46). 
1
H NMR spectra showed the 
characteristic peaks between 8.5 and 7.5 ppm assigned to ArHs of anthryl group at 
the periphery along with those of PMMA (δ 3.6) and PS (δ 7.3-6.5).  
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Figure 4.46:  1H NMR spectra of Anth-PMMA-N3 (a), multiarm (Alkyne-PS)m-
polyDVB star polymer (b) and multiarm (PMMA)n-(PS)m-polyDVB 
star block copolymer (c) in CDCl3. 
The weight fractions of PS and PMMA blocks were calculated to be 0.59 and 0.41, 
respectively by using NMR data. When both weight fractions and dn/dc values for 
linear PS (0.185 mL/g) and PMMA (0.076 mL/g) precursors were employed in the 
Eq. 4.4, which correlated linearly with composition of the linear block copolymer, 
the dn/dc was determined to be 0.140 mL/g. This dn/dc was then introduced into the 
Omni-Sec software of TD-GPC for the calculation of molecular weights, Rh and [η] 
of the multiarm (PMMA)n-(PS)m-polyDVB star block copolymer (Table 4.9). 
Monomodal GPC trace and clear shift with respect to the precursors were observed 
indicating the successful azide-alkyne click reaction, thus the formation of the 
multiarm star block copolymer (Figure 4.47).   
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Figure 4.47:  Evolution of GPC traces of linear MI-PtBA and Anth-PMMA-N3 
precursors; multiarm (PS)m-polyDVB star polymer, multiarm 
(PMMA)n-(PS)m-polyDVB star block copolymer, and multiarm 
(PtBA)k-(PMMA)n-(PS)m-polyDVB star triblock terpolymer in THF 
at 30 
o
C. 
Moreover, it can be seen that the mol fractions of PS (0.60) and PMMA (0.40) 
segments from NMR fit with those derived from DPns of the starting linear polymers 
(0.59 and 0.41), indicating the high efficiency of the click reaction.  
Next, DA click reaction strategy was used to prepare the multiarm (PtBA)k-
(PMMA)n-(PS)m-polyDVB and (PEG)p-(PMMA)n-(PS)m-polyDVB star triblock 
terpolymers by simply reacting anthryl groups at the periphery of the multiarm 
(PMMA)n-(PS)m-polyDVB star diblock copolymer with linear MI-PtBA and MI-
PEG precursors, respectively. DA click reaction was performed in the presence of 
1.2-fold molar excess of MI-PtBA or MI-PEG per arm of the star diblock copolymer. 
The formation of multiarm star triblock terpolymers was followed over time by UV 
spectroscopy upon the disappearance of the signal of anthryl groups at 368 nm. After 
48 h reaction, using corresponding UV data, DA click efficiency (%) for the 
formation of multiarm (PtBA)k-(PMMA)n-(PS)m-polyDVB star triblock terpolymer 
was calculated to be 95 and multiarm (PEG)p-(PMMA)n-(PS)m-polyDVB star 
triblock terpolymer was calculated to be 99 (Figure 4.48). 
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Figure 4.48:  UV spectra of  multiarm anthracene end-functionalized (PMMA)n-
(PS)m-polyDVB star block copolymer during the synthesis of 
multiarm (PEG)p-(PMMA)n-(PS)m-polyDVB star triblock terpolymer 
(C0= 1.48 X 10
-6
 mol/L in CH2Cl2). 
In addition to the characteristic bacbone protons of PS (δ 7.5-6.5) and PMMA (δ 
3.58) from 
1
H NMR analysis, the protons at 2.2 ppm (CH of PtBA) proved that PtBA  
precursor had been incorporated into the multiarm star block copolymer in order to 
obtain multiarm (PtBA)k-(PMMA)n-(PS)m-polyDVB star triblock copolymer. 
 
Figure 4.49:  1H NMR spectrum of multiarm (PtBA)k-(PMMA)n-(PS)m-polyDVB 
star triblock terpolymer in CDCl3. 
Similarly, the addition of PEG (δ 3.63) repeating unit to the multiarm star block 
copolymer was observed from 
1
H NMR. 
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Figure 4.50:  1H NMR spectrum of multiarm (PEG)p-(PMMA)n-(PS)m-polyDVB 
star triblock terpolymer in CDCl3. 
The dn/dc values for multiarm star triblock terpolymers were calculated to be 0.104 
and 0.136 mL/g, respectively. For this calculation, it was assumed that the DPn of 
PMMA was 54 and dn/dc values for linear PtBA and PEG were 0.049 and 0.078 
mL/g, respectively. Next, after introducing these dn/dc‟s into the OmniSec, Mw,TD-
GPC, Rh and [η] for multiarm star triblock terpolymers were calculated and listed in 
Table 4.9.  
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Polymers 
                                   TD-GPC 
Mw/Mn 
 
 
Mw 
 
 
 
Mw,theo
b 
 
 
[η] 
(dL/g) 
Rh 
(nm) 
dn/dc
 
(mL/g) 
f 
 
f 
 
Alkyne-(PS)n-polyDVB
a
 1.18 222700 222700 0.165 8.16 0.185 25
c
 23
d
 
(PMMA)n-(PS)m-polyDVB 1.22 406000 352000 0.160 9.86 0.140
e
 - - 
(PtBA)k-(PMMA)n-(PS)m-polyDVB 
1.27 
 
578000 
 
497000 
 
0.146 
 
10.70 
 
0.104
e 
 
- 
 
- 
 
(PEG)p-(PMMA)n-(PS)m-polyDVB 
1.07 
 
430000 
 
363000 
 
0.149 
 
9.90 
 
0.136
e 
 
- 
 
- 
 
  a 
[DVB]0/15 = [α-silyl-alkyne-PS]0 = [CuBr]0 = [PMDETA]0= 0.023 M in anisole at 110 °C; 
 
b 
Mw,theo of multiarm star diblock or triblock polymers = 222700 + 25 X Mw of linear precursors; 
 c
 Calculated according to Eq. 4.1.  
 d
 Calculated according to Eqs. 4.2 and 4.3. 
 
e 
Calculated according to Eq. 4.4.  
 
Table 4.9:  TD-GPC characterization of multiarm star, star block and star triblock 
terpolymers. 
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GPC analysis showed monomodal traces for both examples. While a GPC trace for 
multiarm (PtBA)k-(PMMA)n-(PS)m-polyDVB star triblock terpolymer showed a 
clear shift to lower retention time, that for (PEG)p-(PMMA)n-(PS)m-polyDVB  
appeared  at the reverse side (Figure 4.51). This may be due to that adsorption of the 
PEG segment on the stationary phase caused a shift to lower molecular weight 
region.  
 
Figure 4.51:  Evolution of GPC traces of linear MI-PEG and Anth-PMMA-N3 
precursors; multiarm (PS)m-polyDVB star polymer, multiarm 
(PMMA)n-(PS)m-polyDVB star block copolymer, and multiarm 
(PEG)p-(PMMA)n-(PS)m-polyDVB star triblock terpolymer in THF at 
30 
o
C. 
As can be deduced from Table 4.9, all star polymers have a narrow polydispersity 
index and [η] decreases gradually as the molecular weight of star polymers increases, 
while vice versa for Rh. It was also noted that Mw,theo values calculated from  (Mw,theo 
= 222700 + 25 X Mw of linear precursors) were fairly consistent with those of Mw,TD-
GPC.   
The size and the morphology of multiarm star polymers were further characterized 
by DLS and AFM, respectively. Figure 4.52 shows the histograms of hydrodynamic 
diameters as measured by DLS in CH2Cl2 solutions for the four different star 
polymers. The average diameters were determined by fitting Gaussian curves to the 
histograms.   
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Figure 4.52:  Histograms of measured DLS diameters for (PS)m-polyDVB 
(squares); (PMMA)n-(PS)m-polyDVB (circles); (PtBA)k-(PMMA)n-
(PS)m-polyDVB (up triangles); and (PEG)p-(PMMA)n-(PS)m-
polyDVB (down triangles). The solid lines are Gaussian fits to the 
data.   
The average diameter and the width (half width at half maximum) were found to be 
18.47 nm/3.26 nm for (PS)m-polyDVB; 21.69 nm/4.14 nm for (PMMA)n-(PS)m-
polyDVB; 23.82 nm/ 2.56 nm for (PtBA)k-(PMMA)n-(PS)m-polyDVB; and 26.52 
nm/3.20 nm for (PEG)p-(PMMA)n-(PS)m-polyDVB. The monotonic increase of the 
hydrodynamic diameter above 18.47 nm confirmed the successful addition of Anth-
PMMA- N3 to (Alkyne-PS)m-polyDVB via the first click reaction; and MI-PtBA and 
MI-PEG to (PMMA)n-(PS)m-polyDVB via the second click reaction. The measured 
hydrodynamic diameters were ~2 nm larger compared to those determined by TD-
GPC in THF (Table 9) except for (PEG)p-(PMMA)n-(PS)m-polyDVB in which case 
the difference was ~6 nm. These solvent dependent hydrodynamic diameters can be 
accounted for by the differences in the interactions of different blocks with the 
solvent molecules. The polymer-solvent interaction parameter  for PS, PMMA, 
PEG and PtBA in THF is larger than that in CH2Cl2. Among these, only PEG-
CH2Cl2 interaction parameter is negative indicating strongly attractive dipolar 
interactions. Thus, PEG chains at the periphery of (PEG)p-(PMMA)n-(PS)m-
polyDVB stay in a nearly  stretched conformation and contributes 4.83 nm on to the 
diameter of (PS)m-polyDVB. When similar molecular weights of PEG and PtBA 
were attached directly to (PS)m-polyDVB resulting in multiarm star block 
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copolymers, the hydrodynamic diameter was also measured to be larger for (PEG)p-
(PS)m-polyDVB compared to (PtBA)k-(PS)m-polyDVB. 
The individual multiarm star terpolymers were imaged by tapping mode AFM 
measurements after spin coating dilute solutions (c ~ 10
-1
-10
-3
 mg/mL) of polymers 
in CH2Cl2 on silicon wafers. Figure 4.53 shows the 0.7 m x 0.7 m scans of AFM 
height and phase images for (PtBA)k-(PMMA)n-(PS)m-polyDVB (Figure 4.53a-
4.53b) and for (PEG)p-(PMMA)n-(PS)m-polyDVB (Figure 4.53c-4.53d).  
 
Figure 4.53:   (a) AFM height and (b) phase image of (PtBA)k-(PMMA)n-(PS)m-
polyDVB; (c) AFM height and (d) phase image of (PEG)p-(PMMA)n-
(PS)m-polyDVB. 
Individual multiarm star triblock terpolymers are seen as circular objects with a 
different contrast in the core and in the shell.
 
The height of each object was ~2 nm 
and the width ~40 nm indicating a rather flat confirmation of the star molecule on the 
solid substrate. Assuming a radius of curvature of 10 nm for the AFM tip, the real 
lateral size of the molecules after deconvolution was calculated to be ~31 nm which 
was consistent with the DLS sizes of 24-27 nm. The contrast difference in the core 
and the shell of the star molecules reflect the relatively harder polyDVB rich core 
compared to the polymer arms surrounding it. 
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CONCLUSION 
In this PhD thesis, the synthesis of various blocks and star polymers were obtained 
via highly efficient DA or the combination of DA and CuAAC click reactions. 
In the first study, series of well-defined diblock copolymers were first time 
synthesized by DA click reaction between furan protected maleimide and anthracene 
end-functionalized polymers in reflux temperature of toluene. UV spectroscopy 
indicated that DA efficiencies of the reactions were quantitative. Moreover, both 
GPC and 
1
H NMR analysis confirmed a successful block copolymer formation.  
The success of DA click reaction in the synthesis of block copolymers enabled us to 
apply this reaction for the preparation of star polymers. For this purpose, A3 star 
polymers were prepared using similar furan protected maleimide end-functionalized 
polymers. These polymeric precursors were subsequently reacted with trianthracene 
functional linking agent in DA click reaction conditions. Splitting of GPC traces 
using Gaussian function gave that fraction % of A3 star polymers in the reaction 
mixture were found in a range of 82-93. These results are very compromising values 
for “coupling-onto” reactions. 
Moreover, DA click reaction was also employed for the synthesis of well-defined 
multiarm (PMMA)n-(PS)m-polyDVB and, (PtBA)k-(PS)m-polyDVB star block 
copolymers based on “arm-first” and “coupling-onto” methodologies, respectively. 
After cross-linking reaction, the average number of arms of multiarm (PS)m-
polyDVB star polymer was found to be ca 32 using two different calculation 
methods. This result enabled a proof for the well-defined structure and low degree of 
heterogeneity of the multiarm star polymer. Subsequently, DA click reaction was 
performed in order to give corresponding multiarm star block copolymers. Higher 
DA efficiencies for both block copolymer formations were found by UV 
measurements. In addition, TD-GPC measurements of the multiarm star block 
copolymers proved that ultra high molecular weight (Mw =760000) polymers with 
well-defined architecture without any star-star coupling were obtained via DA click 
reaction. 
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The next step of this thesis was to test the orthogonality of the click reactions. ABC 
triblock terpolymers: PMMA-b-PS-b-PEG and PMMA-b-PS-b-PCL were 
synthesized by combining in situ CuAAC and DA double click reactions in DMF for 
48 h at 120 
o
C using one-pot technique. It was observed a clear shift to higher 
molecular weight region from GPC measurements without low molecular weight 
tails indicated that pure triblock terpolymers were obtained. 
1
H NMR analysis 
confirmed the incorporation of all individual blocks into the corresponding triblock 
terpoymers 
 In addition, the double click reactions were also utilized for the preparation of two 
different multiarm star triblock terpolymers. Click reactions fallowed during this 
study were performed sequentially. Multiarm (PMMA)n-(PS)m-polyDVB) star 
diblock copolymer was first obtained from CuAAC click reaction of multiarm 
(Alkyne-PS)m-polyDVB star polymer with Anth-PMMA-N3. Subsequently, DA click 
reaction of the anthracene groups at the star periphery with MI-PtBA or MI-PEG 
afforded the target multiarm (PtBA)k-(PMMA)n-(PS)m-polyDVB and (PEG)p-
(PMMA)n-(PS)m-polyDVB star triblock terpolymers. Absolute molecular weights for 
multiarm star triblock terpolymers up to 578000 were measured by TD-GPC, and 
were found to be moderately consistent with Mw,theo calculated from a sum of 
molecular weights of the core and the individual arms. DLS analysis of star polymers 
exhibited ~2 nm larger in hydrodynamic diameter than those determined 
correspondingly by TD-GPC, except for (PEG)p-(PMMA)n-(PS)m-polyDVB in which 
case the difference was ~6 nm. The individual multiarm star polymers, which were 
imaged on silicon substrates by AFM had a diameter of ~31 nm in consistent with 
those of 24-27 nm obtained by DLS measurements.   
It is obvious that DA click reaction is a versatile and efficient method for the 
preparation of well-defined polymeric structures. In addition, the orthogonal 
characters of both DA and CuAAC click reactions have offered the synthesis of 
various complex architectures in one-pot or in sequential ways. Finally, the synthetic 
methodologies described here have emerged as a robust alternative in order to obtain 
well-defined macromolecular architectures over traditional methods.  
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